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SYNOPSIS 
Glass fibre reinforced polyesters (GRP) are widely used in boat and swimming 
pool manufacture. One drawback for these materials is that they may develop blistering 
after prolonged and continuous contact with water. The aim of the research programme 
reported in this thesis is to understand the fundamental reasons for the blister 
fortnation, as well as the factors affecting it. 
Various polyester resins, epoxy resin, vinyl ester resin, different chopped strand 
glass mats (CSM) and initiators were used for GRP laminates and blister trials carried 
out. Blisters were examined visually and by an optical microscope; they are classified 
into four groups according to their origins: 
1 ) . Contaminants 
2). Bubbles 
3). Pre-cracks 
4). Glass fibre bundles 
Detailed study of their relative importance shows that the last two categories are most 
significant. 
Pre-cracks are fissures in the gelcoat fonned during the cure and post-cure period, 
prior to water immersion. The stress at the interface of gelcoat and backing resin plays a 
significant role in pre-crack formation. The number of which seems to be related to the 
magnitude of the stress monitored by birefringence. Glass fibre bundle blisters are 
immediately behind the gelcoat, along fibre bundles. The stress associated with glass 
fibres is increased significantly by ingress of water, the stress so generated may lead to 
a crack. Hydrolysis of the glass fibre binders, other additives and resins is also a cause 
for blister formation. 
The composition and combination of gelcoats and backing resins, the binders of 
CSM, the composition of initiators, the manufacturing methods and the water 
immersion methods affect blister formation. An established contribution to blister 
growth is osmosis, this determines that blistering is more rapid in salt-free water 
compared with, for example, the sea. 
Various methods to minimise blistering are recommended. Skilled lamination and 
following best practice are as important as laminating time, curing temperature and the 
initiators used. Styrene concentration in the polyester resins has pronounced effects on 
blister formation. Further, although maleate resin used, readily isomerised to fumeate, 
the difference is still observed between systems starts from maleate anhydride 
compared with those based on fumaric acid. Incorporating a layer of glass fibre tissue 
between gelcoat and backing resin is very effective in delaying blister formation. 
Laminate with poly(propylene glycol maleate) resin as both gelcoat and backing resin 
has very good blistering resistance. Surprisingly, with such a high cross-linking 
concentration, the laminate is less brittle than conventional systems incorporating 
saturated aromatic acid, but it is difficult to convince the trade of this. 
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CHAPTER 1 
INTRODUCTION TO Gl .ASS FIBRE REINFORCED POLYESTERS 
1.1. INTRODUCTION 
Glass fibre reinforced polyester (.QRE) is a composite of a resilient durable 
polyester resin reinforced with an immensely strong fibrous glass. It is the most widely 
used and the most familiar composite material[l-3]. It has advantages as a structural 
material over both unreinforced polyester and glass fibre used separately[4]. 
Unreinforced polyesters have low density and are easily processed. They have good 
weathering properties and corrosion resistance, but the low stiffness and low strength 
limit their use in structural applications. On the other hand, glass fibres are stiff and 
strong but so brittle that the high stiffness and strength cannot be fully utilised. By 
fabricating a composite material of glass fibres embedded in a polyester matrix, it is 
possible to combine many of the desirable properties of both constituents. Thus glass 
fibre reinforced polyester is a light, strong constructional material with good corrosion 
resistance which is easily fabricated into complex shapes. The glass fibres enhance the 
poor stiffness, strength and creep resistance of the polyester matrix, whose purpose is 
to transmit the load into the strong fibres and to protect them from damage. 
This chapter is divided into four parts. The first part covers some aspects of 
unsaturated polyester resin chemistry; glass fibre is dealt with in the second part; the 
third part is concerned with the properties of GRP and glass fibre/polyester resin 
interface; and the aim of the research programme is set down in the fmal part of this 
chapter. 
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1.2. UNSATURATED POLYESTER RESINS 
1.2.1. GENERAL CHEMISTRY 
Polyesters are condensation products of dihydric or polyhydric alcohols and 
dibasic or polybasic acids. Unsaturated polyesters are produced when any of the 
reactants contain non-aromatic unsaturation[5J. They can then be cross-linked either 
directly or with an unsaturated polymerisable monomer. Most commercially available 
unsaturated polyester resins are produced by reacting a glycol such as ethylene glycol 
or propylene glycol with an aromatic, saturated dibasic acid and an unsaturated dibasic 
acid (or anhydride), e.g. fumaric acid or maleic anhydride[6]. The linear chain polymer 
so formed is then dissolved in a polymerisable monomer, usually styrene, which can be 
cured (cross-linked) by the use of free radical initiators with or without heat to yield a 
hard insoluble thermoset solid. 
Although cross-linking directly through the unsaturated acids is theoretically 
possible, the resulting three dimensional matrix does not exhibit favourable 
properties[7J. But if certain unsaturated monomers such as styrene are used, both the 
rate of reaction and the degree of cross-linking are markedly increased. In addition, the 
resulting cross-linked products have greatly improved properties. 
The degree of cross-linking can be controlled through the concentration of 
unsaturated acids (or anhydride) or unsaturated glycols. The length of cross-links can 
be controlled to some degree by the concentration and type of cross-linking monomer 
employed[7l. 
2 
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The raw materials for unsaturated polyester resins are derived ultimately from 
petroleum or to a much lesser extent from coal. For convenience their molecular 
structures are given in Figure 1.1[1][8-9]. 
1.2.2. THE CROSS-LINKING MECHANISM[1][6] 
Cross-linking occurs via free radical copolymerisation between styrene and the 
unsaturation sites of the polyester chain. The initiation of the cross-linking or curing 
process is carried out by an initiator at elevated temperatures and an accelerator- initiator 
system at ordinary temperatures. Peroxides and hydroperoxides having the generic 
formula R.O.O.R' and R.O.O.H are used as initiators with polyester resins. Peroxy 
initiators liberate free radicals when they are heated or at ordinary temperatures by 
reaction with the accelerators (metals or tertiary amines). 
Benzoyl peroxide is most commonly used for elevated temperature curing. When 
it is heated to about 900C homolytic cleavage of the -0.0- bond takes place: 
Ph.CO.O.O.OC.Ph -----> 2 Ph.CO.O.· 
Ph.CO.O. ----->Ph.·+ C02 
The two most important initiators which are now used for cold curing polyester resins 
all over the world are cyclohexanone peroxide and methyl ethyl ketone peroxide 
(MEKP). Neither of these initiators is a single simple compound; both have variable 
compositions depending on their source of manufacture. They are both essentially 
hydroperoxides and not peroxides. Metal based accelerators are highly reactive with 
hydroperoxides and cobalt naphthenate or octoate is most commonly used. In this 
3 
reaction the cobaltous cobalt is oxidised to cobaltic cobalt, thus: 
R.O.O.H + eo++ ----> R.O.O.' + OH- + eo+++ 
The cobaltous cobalt is then regenerated, leading to a chain decomposition of the 
hydroperoxide: 
R.O.O.H + eo+++----> R.O.O: + H+ +eo++ 
The cycle is repeated until all the hydroperoxide has been decomposed. 
The radicals generated attack and add on to the double bonds of polyester or 
monomer. The dimer formed remains activated, attacking another double bond, and 
therefore initiate a free radical reaction, leading to the cross-linking and hardening of the 
resins. This process may be schematically represented in Figure 1.2. 
Because of the increasing viscosity of the medium, complete curing is brought 
about only by further heating of the product 
The cross-linking reaction is highly exothermic and can be divided into two 
stages[6]. The first stage, called the setting time or gel time, is the time taken from the 
first initiation of free radicals to the formation of a soft gel which is no longer mobile. 
The second stage, the maturing or full-cure time is the time taken for the resin to change 
from a soft gel to its final fully cured state where no further change is possible. 
The gel time. · .- is 'measured by curing a known amount of 
polyester resin at a specific temperature and plotting the rise in temperature against time 
(Figure 1.3>[1l. The gel time is the period from A to e where gelation occurs; 
4 
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The period from C to D at which the temperature reaches its peak value known as 
. -. --- !\ 
the peak exotherm. With most polyester resins, the peak exotherm is reached a short 
time after the resin has gelled, but before it is fully cured. 
Post cure is the additional cure at elevated temperature, usually without pressure, 
to improve final properties and/or complete the cure of cured resins[lO]. It will 
eliminate the residual peroxide, improve the heat resistance of the resins, decrease the 
water absorption and bring the polyester resins to a stable condition. In certain resins, 
complete cure and ultimate mechanical properties are attained only by exposure of the 
cured resin to higher temperatures. 
1.2.3. PROPERTIES OF CURED POLYESTER RESINS[3J[IO] 
Polyester resins have good electrical properties, such as low loss factor, high 
dielectric strength and arc resistance. The corrosion resistance of polyester resins 
against dilute or moderately concentrated acids, inorganic salts and some alkalis is good 
to excellent at room temperature. Polyesters will also resist the attacks of many organic 
salts and other chemicals. The corrosion or chemical resistance of the resin is related to 
the chemical composition of the resin. An example of this is that flexible type resins are 
less resistant to chemical attack than rigid types. The general physical and mechanical 
properties of unfilled cured polyester resin are shown in Table 1.1. 
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1.3. GLASS FIBRE 
1.3.1. MANUFACTURE[l-3][11] 
There are several different methods by which glass fibres are produced, the most 
common technique is the drawing of molten glass into fine, continuous filaments 
(Figure 1.4). 
A platinum-alloy bushing is fed with molten glass, either directly from the glass 
furnace (direct-melt system) or with solid glass marbles (marble-bush system). 
Marbles are made by a separate process. In both cases the bushing is heated 
electrically. Temperature control within o.soc is essential to obtain regular and 
constant-diameter filaments. This is achieved by accurate control of the electric current 
to the bushing heaters. 
The molten glass streams tltrough the holes (200, 400 or more per bushing), by 
gravity. Diameter of the holes is 1 - 2 mm. A winding device pulls the threads with 
high velocity (3000 - 4000 m/min.) and winds the strands on to a forming package 
(also known as a cake). Cooling of the glass filaments is very rapid because of their 
high specific surface. In the beginning, the cooling is mainly by radiation, later by 
conduction (high speed), with the aid of a water spray. Before being collected into a 
strand the filaments pass a sizing device. During winding the strand is traversed 
backwards and forwards in order to obtain a regular forming package. The forming 
packages are dried and baked before further processing. 
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1.3.2. SURFACE TREATMENT[l-3][11] 
The glass f!laments pass a size applicator during processing and a coating is thus 
made to the glass fibre surface. There are mainly two types of size, plastics size and 
textile size. The first type is applied to all strands which are to be processed into roving, 
mat, chopped strands, milled fibres and some yams and it is this type with which we 
are concerned. the second type is applied to the material intended for the production of 
glass yam. The size determines to a high degree the processing characteristics of the 
glass fibre materials. Its full composition is usually considered as a manufacturer's 
secret. 
The size presented on glass fibre is usually in quantities of approximately 1% by 
weight, however, high integrated chopped strands might have size level as high as 2%. 
The basic groups of the components in plastics size are summarised as follows: 
A) Binder: The great part of the size consists of a binder, which is designed to 
keep the single filaments together in order to avoid movement and abrasion between 
them resulting in filament breaking during further processing. Normally suspensions or 
emulsions of polyvinyl acetate (PVAc), polyester or epoxy resins are used. 
B) Lubricant: Glass has a very high coefficient of friction, nearly 1. This means 
that filaments tend to "scratch" each other, during assembling and later processing, 
leading again to broken filaments and reduced strength. Therefore every size contains a 
lubricant 
C) Coupling agent: for high mechanical strength and wet strength retention a good 
adhesion between the glass and the polymer matrix is necessary. This bonding can be 
greatly enhanced by covering the glass fibre surface with a so-called "coupling agent". 
7 
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Mostly these are organo-silane type compounds. A chrome- complex is also used. 
D) Other components: Sometimes anti-static agents, and/or wetting agents can be 
included. 
1.3.3. PROPERTJES[l][3][11] 
Glass fibre may be produced from various types of glass. Most commonly used 
is the so-called E-glass, a glass type made from silicon dioxide, aluminium oxide, boric 
acid, and limestone. It has high strength, high stiffness, high Young's modulus and 
good resistance to weathering. E-glass fibre has been widely used as a reinforcement 
for polymeric materials. Other glass fibre formulations are available, namely R-glass 
and S-glass, they are higher-strength and modulus glasses and are usually used only in 
specialised applications such as aerospace. 
Some properties of E type glass fibres are summarised in Table 1.2. 
1.3.4. COMMERCIAL FORMS[l-3][11] 
There are many forms of glass fibre reinforcement, these include rovings, 
chopped strands, chopped strand mats, fabrics, milled fibres, glass yarn, woven 
roving, etc. A brief description of mats and surface tissue and their uses is presented 
here. 
Chopped strand glass mat (CSM) is made from continuous or spun rovings or 
strands, by placing them on a creel and feeding the strands or rovings into glass cutters. 
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The cutters are positioned over a moving metal mesh belt. The chopped strands, in 
length of 6mm, 12.5mm, 25mm or 50mm long are distributed randomly over the belt, 
thus forming a glass mat. Powder or emulsion type binder is metered to the loose 
fibres, and bonding is achieved by melting the powder or drying the emulsion binder in 
an oven and subsequently cooling. The mat is then wound on a cardboard tube. 
Chopped strand mats are differentiated by the binder used to hold them together. 
There are tltree basic types of chopped strand mat They are made in the following 
nominal weights: 300, 450, 600 and 900 gjm2. The types of mat are as follows: 
a). Emulsion bound mat 
b). Powder bound mat 
a). Mechanically bound mat 
Emulsion bound mat is bonded with polyvinyl acetate emulsion and is ideal for 
hand lay-up applications, using general purpose polyester resin. Powder bound mat is 
made from chopped strands bonded with a powdered polyester resin. It is a much 
stronger mat than emulsion bound mat Mechanically bound mat is also called needled 
mat, it is designed for pressure moulding. 
Surface tissue is a thin tissue of glass fibre bonded together with a soluble binder 
and is about 0.3 mm thick and 27 gjm2 in weight It is used to give a smoother finish to 
hand lay-up and moulded products. 
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1.4. GLASS FIBRE REINFORCED POLYESTER 
1.4.1. PROPERTIES OF GRP 
Today GRP is a common and widely accepted structural material. Composites 
have the basic advantage that they can be fabricated from a wide choice of glass 
reinforcements and matrix materials, their propenies may therefore vary over a 
considerable range. In general, GRP materials can possess a number of advantages 
relative to conventional bulk materials including metals[4J. These are summarised 
below: 
a) Increased strength and stiffness 
b) Low density 
c) High fatigue resistance 
d) Relative ease of fabrication 
e) Good corrosion resistance 
f) Good electrical and thermal resistance 
The mechanical properties of GRP laminates reinforced with chopped strand mat 
by hand lay-up technique (glass content: 25-45% by weight) are given in Table 
1.3[1 0-13]. 
1.4.2. GLASS FIBRE/POLYESTER RESIN INTERFACE[14-19] 
The structure and properties of the glass fibre-polyester matrix interface play a 
major role in the mechanical and physical properties of GRP composites. Composite 
materials with a weak interface have relatively low strength and stiffness but high 
10 
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resistance to fracture whereas materials with strong interfaces have high strength and 
stiffness but are very brittle. The effect is related to the ease of debonding and pull-out 
of fibres from the matrix during crack propagation. 
The surface of glass consists of randomly distributed groups of oxides which 
depend on the composition of the glass. As described before, when the glass fibres are 
manufactured, a coupling agent is coated to the glass fibre surface. The primary 
function of the coupling agent is to provide a strong chemical link between the oxide 
groups on the fibre surface and the matrix polymer. The basic principles are illustrated 
in Figure 1.5. The general chemical formula for the silane coupling agents is R-SiX3. 
This is a multifunctional molecule which reacts at one end with the surface of the glass 
and at the other end with the polymer phase. The X units represent hydrolysable groups 
bonded to silicon (e.g. the ethoxy group -OC2H5). They are present only as 
intermediates since, in the aqueous size solution, they are hydrolysed to yield the 
corresponding silanol (Figure l.Sa). The trihydroxysilanes are able to compete with 
water at the glass surface by hydrogen bonding with the hydroxyl group at the surface 
(Figure l.Sb). When the sized fibres are dried, water is removed and a reversible 
condensation reaction occurs between the silanol and the surface, and between adjacent 
silanol molecules on the surface. The result is a polysiloxane layer bonded to the glass 
surface(Figure l.Sc). Thus the silane coated fibre presents a surface ofR groups to the 
uncured polyester resins. During the curing process reactive groups in the resin react 
with the organo-functional R groups so that they are strongly linked to the cured resin. 
(Figure l~Sd). It is essential that the R group is chosen so that it is compatible with the 
chemical nature of the resin. 
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The intezface between a glass fibre suzface and polyester resin is a complicated 
one. There is not only chemical bonding between the glass suzface and polyester resin, 
but also mechanical bonding, electrostatic attraction, adsorption and inter-diffusion to 
some extent. In some respects the interface could be treated as two interfaces: the 
fibre-silane and the silane-resin interface. The former is invariably a chemical bond 
whereas the latter may be due to a combination of chemical bonding and inter-diffusion 
iflong groups are attached to the silane. 
1.5. OBJECTIVE OF RESEARCH PROGRAMME 
Prolonged and continuous contact between GRP and water can cause blister 
formation. The size of blister may change with time, and some may burst to the outer 
suzface of the GRP. This affects the aesthetics of GRP products, and may affect the 
structural integrity in the long t=. 
This study is basically an investigation into the blister resistance of different GRP 
laminates (different polyester gelcoats, backing resins, glass fibre reinforcements and 
laminating techniques, etc.) in water and the causes of blistering. The aim is to get a 
better understanding of the blistering process and the factors that affect the blister 
resistance of GRP. 
In order to accomplish these objectives, various experiments were conducted. 
Laminates with different resins and glass fibre reinforcements were immersed in 
different water media ( 4QOC distilled water, room temperature distilled water and room 
temperature simulated sea-water) and other solvents (dekalin, ethylene glycol and 
toluene). The weight change of the laminates was carefully monitored and the time to 
blister was recorded. The blisters so formed were classified into four groups according 
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to their origins. The mechanical properties of the laminates were tested before and after 
water immersion. The resins used were characterised by various techniques (e.g. 
infrared spectroscopy, nuclear magnetic resonance, gel permeation chromatography, 
etc.). The glass binder solubility in resins and solvents was also studied. 
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Table 1.1 Typical Properties of Unfilled Cast Polyester Resin[3] 
Property Value 
Specific Gravity 1.2-1.5 
Hardness, Rockwell M scale 70-115 
Barcol Hardness 30-60 
Tensile Strength 40-90MPa 
Compressive Strength 90-250MPa 
Young's Modulus 2-4.5 GPa 
Elongation at Break 2-2.5% 
Water Absorption, 24 hours at 20oc 0.1-0.3% 
Table 1.2 Typical Properties of E-glass[ll] 
Property Value 
Specific Gravity 2.53 - 2.55 
Tensile Strength (strand) 1700 - 2700 MPa 
Young's Modulus 71 GPa 
Elongation at Break 2.5-4% 
Poisson's Ratio 0.2 
Softening Temperature 835-850 oc 
Refractive Index at 250C 1.54 7 - 1.549 
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Table 1.3 Typical Properties of GRP laminates[lO] 
Property Value 
Specific Gravity 1.4-1.6 
Tensile Strength 80-180MPa 
Tensile Modulus 6-11 GPa 
Flexural Strength 110-160MPa 
Flexural Modulus 5-9 GPa 
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Figure 1.1. Molecular Structures of Raw Materials for the 
Synthesis of Unsaturated Polyester Resin 
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Figure 1.2. Curing Process of Polyester Resin 
S S RS S S S RS S 
...,F-F..:.F-F-F-F-
\ . 
-F-F-F-F-F-F-
. . ' 
s s s s s s s s s s 
-F-F-F-F-F-F-F initiation -F-F-F-F-F-F-F 
R S S S RS 
-F...;.F-F-F....,F-F-
s s s s 
s s s s 
I , I 
-F-F..,.F-F-F-F-
• I I I 
propagation s s s s s• 
I I I. 
-F-F-F-F-F-F-F 
' I I 
ssss ss 
I I. • I 
-F-F-F-F-F-F-
• I I 
s s 
s s s s s 
I I 1 I I I 
- F-F-F-F-F-F-
1 I I I I 1 
ssssss 
I I I I I I 
-F- F-F-F-F-F-F-
1 I I I I I 
ssssss 
I I I I I 1 
- F-F-F-F-F-F-
1 I I 1 I I 
s s 
R-S' S S R S 
I, 
-F-F-F-F-F-F-
s s s s 
complete 
cross-linking 
S = Styrene 
F=Fumarate 
-R=Radical 
In reality the cross-linking structure of polyesters is very disordered, and 
' the cross-linking density varies from place to place in the material. 
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Figure 1.3. Exothenn of a typical polyester resin 
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Figure 1.5. Functions of Coupling Agent 
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CHAPTER2 
LITERATURE REVIEW 
2.1. GRP IN UNDERWATER APPLICATIONS 
2.1.1. GRP AS BOAT CONSTRUCTIONAL MATERIAL 
Boats have now being built from GRP composites for over 40 years and the 
marine industry remains one of the largest users of fibre reinforced polymers. In 1985, 
for instance, the marine industry in the U.K. alone used some 10,000 tones of 
polyester resin. For Western Europe as a whole the total was 59,000 tones[20J. At the 
Annual London Boat Show, something like 90% of all the boats exhibited now have 
GRP hulls[21J. 
Making hulls for boats out of GRP has many advantages over conventional 
materials such as wood, aluminium and steelD-3]. The essential attraction of a GRP 
hull is that it is cheap to maintain: it does not usually corrode, suffer from dry rot or be 
attacked by toredo worm, whereas wood is always open to attack from rot 
decomposition; and steel must be constantly painted to protect it from the ravages of 
rust. GRP also "gives" to a considerable extent under impact and still recovers its 
original shape. In consequence, such a hull can absorb shocks without damage. Wood 
is less flexible imd therefore less able to withstand impact. 
Moreover, when wood does break it is likely to split over a considerable area and 
with double diagonal planking the cost of replacing inner planks is inordinately high. 
Steel and aluminium are also less flexible than GRP, arid, though they are not inclined 
to split, they are easily dented[2J. 
20 
It is common knowledge that GRP has assimilated the lion's share of the pleasure 
boat market. Small leisure boats up to 40 feet long have been overwhelmingly built 
from GRP, these include small dinghies, racing yachts, survival crafts and other small 
boats[1-3][12][22-24], A number oflarger boats are also made of GRP. A professional 
fishing boat of 110 feet long was built in Japan. In U.S.A. a luxury ocean going 
cruiser of 73 feet long has been buiit[22], Desco Marine, U.S.A. has built quite 
number of shrimp trawlers from GRP, ranging from 68 to 75 feet long[25], A 102 feet, 
170 tones displacement minehunter has been constructed for the Australian Navy. The 
largest GRP ship ever been built is a minehunter-HMS Brecon, built in U.K., it is 197 
feet long, 625 tones displacement[22][26-27], as shown in Figure 2.1. Some examples 
of GRP yachts are shown in Figures 2.2-2.3. 
2.1.2. GRP IN SWIMMING POOL CONSTRUCTION 
GRP has proved itself to be particularly effective in applications involving a 
corrosive environment. This, with the fact that mouldings can be fabricated that are 
large, complex in shape and of relatively low weight, makes it eminently suitable as a 
construction material for swimming pools[28J. It is limited only by the manufacturer's 
· physical ability to handle the size and the various regulations governing the transport of 
large structures. 
GRP as a swimming pool construction material started at 1950's[29J. The 
massive increase in private swimming pool installation has been greatly assisted by the 
near perfection of the below ground GRP pool. From January 1955 to August 1957 
about 1,500 pools were installed in U.S.A.[2J. A typical GRP swimming pool 
designed for the "mass market" is oval in shape and in four sections. It has overall size 
of 15 feet by 3 feet, with a depth 3-5 feet. Larger pools are typically 30 feet long by 17 
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feet wide by 6 feet deep[29J. 
The gelcoat provides a shiny decorative fmish, and its beauty and serviceability 
stand comparison with any other type of pool on the market today. 
2.2. THE EXTENT OF THE BLISTERING PROBLEM 
Blistering in GRP laminates, which are continuously immersed in water has been 
given much publicity in recent years, yet the data on the scale of the problem are scarce 
and contradictory. In 1973 estimates[30] put the extent of the problem in the U.K. at 
5% of the boats and 4-5% of swimming pools blistering, whilst in the yachting 
press[31] blistering has been cited at levels of 48 per 100 boats inspected. In the 
rational level boat-builders, boatyards and marinas suggest that 5-10% of boats per year 
exhibit minor blistering rectified by local repairs with only 1- 2% requiring total 
removal of the gelcoat. Platell[32] reports an incidence, in Australia, of more that 10% 
of the swimming pools showing the effects of blistering in less than 2 years. In 
Holland, the ANWB[33] reported a 22.5% level of blistering out of a total 320 vessels 
surveyed in 1881/82 and manufactured between 1973 and 1981. 
2.3. CAUSES OF BLISTER FORMATION 
Within the past decade much work has been carried out on, and much has been 
written about, the cause and effect of blistering in GRP which is in continuous contact 
with water. There are basically two theories to explain the blister formation; one is the 
osmotic mechanism, and another is the interface stress theory. 
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2.3.1. OSMOSIS 
J. van't Hoff[34] was the first to explain osmosis: "In order clearly to realise the 
quantity referred to as osmotic pressure, imagine a vessel, A (Figure 2.4), completely 
full of an aqueous solution of sugar, placed in water, B. If it be conceived that the solid 
walls of this vessel are permeable to water, but impermeable to the dissolved sugar, 
then, owing to the attraction of the solution of water, water will enter the vessel A up to 
a certain limit, thereby increasing the pressure on the walls of the vessel. Equilibrium 
then ensues, owing to the pressure resisting further entry of water. This pressure has 
been termed osmotic pressure." 
In GRP materials, vessel A corresponds to interfacial pockets of water (or other 
solvent) that has diffused in from the outside environment and has dissolved 
water-soluble substances located at the interface, vessel B corresponds to the in-service 
environment (water) in which the GRP component resides, and the solid walls of 
vessel A, that are permeable to solvent but not to solute, correspond to the matrix 
resin[35], such as the gel coat, which acts rather like the classical semi-permeable 
membrane[36]. The water permeates through the gelcoat mainly by activated diffusion, 
but also by microscopic surface cracks or pin-holes in the gelcoat arising either from 
fabrication procedures or subsequent history. The water collects in the microvoids or 
other cavities within the laminate, and slowly fills them. Appreciable quantities of 
water-soluble substances may be present in the resin, or in other constituents of the 
laminate at the outset, but even if they are absent, chemical reactions between the water 
and such constituents as binder, size, glass and resin take place, with the formation of 
water-soluble low molecular weight substances. Consequently, the region underlying 
the gelcoat eventually contains pockets of concentrated aqueous solution, and diffusion 
of more water occurs through the membrane so as to dilute these solutions. Provided 
the osmotic pressure generated is high enough, the gelcoat will either blister or crack, 
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depending on its mechanical properties[37-39J. 
The magnitude of the osmotic pressure is dependent, loosely speaking, on the 
concentration of the solute involved[36}[ 40}. For non-electrolytes, the relation between 
concentration and pressure is analogous to the ideal gas law, i.e. 
P = nRTN 
Where: P --- Osmotic pressure 
R --- Gas constant (8.3143 J K-1 mol-l) 
V --- Volume of solution 
· T --- Absolute temperature of solution 
n -- Number of moles of solute in solution 
However, for electrolyte solutions, such as brine, the osmotic pressure is a 
function of the ionic strength, I, of the solution 
I = (l/2)L.CiZi2 
Where: Ci --- Molality of ion i 
Zi --- Valence of ion i 
Photoelastic evidence for the occurrence of the interfacial pressure pockets due to 
osmosis was frrst reported by Ash bee and Wyad37J. They discovered that fully-cured 
neat polyester resins develop "penny" shaped internal cracks when exposed to hot 
water, and that, when formed, these cracks contains solutions of inorganic salts. 
Similar cracks has been independently reported by Steel[41J. Ashbee and Wyan[42] 
subsequently discovered pressure pockets on the surfaces of fibres in GRP that had 
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also been exposed to hot water, incidence of which increases with increasing 
concentration of water solubles in the glass fibre. 
Walter and Ashbee[35] calculated the critical osmotic pressure necessary to initiate 
disc cracks. They considered the energy change associated with the inflation of a 
penny-shaped crack to be the sum of an elastic component 
-Eelastic = -(21tP12a~)/3E 
Where: a --- Crack half thickness 
b --- Crack radius 
E -- Young's modulus of the resin 
P 1 --- Pressure 
and a surface component 
Esurface "' 21t')'ab 
Where: 'Y --- specific surface energy 
So the total energy 
And considering the differentials with respect to .a and b, it was deduced that critical 
condition was 
P1 = (3Ey/2b)ll2 
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Taking as trial values E=3GPa, r-1Jim2 and b=101J.II1: 
P1 = ((3 X 3 X 109 X 1)/(2 X lQ-5))1/2 = 21 l\1Pa 
Which gives a rather high value for P1, unless E and y are assumed to be lower than 
the usually quoted values. In fact the operative values could well be lower. Young's 
modulus values for dry polyester resins are generally of the order of 3GPa, measured 
in ordinary testing machines at cross-head speeds of about 2mm/min. Water causes 
plasticisation of the resin, and so E and y will be reduced. Moreover, polyester resin, 
being viscoelastic, shows a much lower modulus at very low strain rates than it does 
under normal test conditions. The formation of a disc crack corresponds with very slow 
rates of strain. It therefore seems probable that the appropriate value of E is much less 
than 3GPa and the critical pressure required to produce a crack of radius 1 OJ.UI1 would 
be only a few :MPa at most. Such pressures can be generated by dilute solutions of 
organic or inorganic substances. 
Hydrolysis of cross-linked polyesters is believed to leave the cross-links 
unaffected, so the main constituent of the residue is a styrene-fumaric acid copolymer. 
Consequently, little or no free fumaric acid should be released by hydrolysis[43]. 
At low pH, hydrolysis is to some extent reversible, and incomplete. But the 
hydrolysis of esters is more rapid in alkali because of the formation of a 
resonance-stabilised carboxylate anion with little tendency to react with alcohol: 
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It has also been found that water degrades the glass fibre/matrix interface via 
hydrolysis of the silane coupling agent or bonds of the glass fibre/coupling agent 
interface. The molecular mechanism of hydrolytic degradation is unknown due to the 
difficulties in detecting the presence and structural changes of the coupling agent on the 
glass surface. Utilising radioisotope-labelled silane coupling agent[44-47], Fourier 
transform infrared spectroscopy[48], Raman spectroscopy[49] and ion scattering 
spectroscopy (ISS) in combination with secondary ion mass spectroscopy (SIMS)[50] 
some progress has been made. The radioisotope studies utilising boiling water as the 
environment showed a very rapid decrease in the amount of silane molecules remaining 
on the glass surfaces. Other studies reviewed that the degradation mechanism is via 
hydrolysis of the Si-0-Si bonds of the silane coupling agent. 
2.3.2. INTERFACE STRESS THEORY 
Birley, Dawkins and Strauss[51] first proposed that the short- term blistering 
might be caused by the stress at the gelcoat/backing resin interface, enhanced by the 
glass fibres and amplified critically by volume changes caused by the ingress of water, 
and that blistering at long times e.g. 6-9 months at 4QOC might involve hydrolysis of 
the resin and/or binder. 
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The stress at the interface of gelcoat/backing resin is measured by measuring the 
birefringence, and stress is calculated by 
G=tm/C 
Where: G -- Stress at the interface 
tm --- Birefringence 
C --- stress-optical coefficient which is evaluated from the 
birefringences of stretched cast sheets of resin 
They found that the birefringences at the boundary of gelcoat/backing resin are 
much higher than those of simple castings which are single layer sheets. The stress at 
the boundary persists after exposure to water for 30 days. They speculated that the 
stress boundary layer might be caused by the swelling of the boundary layer of the 
partly cured first layer by styrene from the freshly applied resin. The styrene then 
polymerises leaving the boundary layers in a swollen stressed state; the shrinkage 
difference of the polyester resins is another contributing factor to the stress at the 
boundary. 
Birley and the Author[52] discovered that pre-cracks are formed during the 
post-curing period, prior to water immersion, which may develop into blisters when the 
laminate is immersed in water. The number of pre-cracks seems to be generally related 
to the magnitude of birefringence, hence stress, at the interface of gelcoat/backing resin, 
as shown in Table 2.1. This indicates that the stress at the interface of gelcoat/backing 
resin plays an irnponant role in blister formation. 
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2.4. THE CONTENT OF BLISTERS 
Osmotic pressure is believed to be partly responsible for many of the effects 
commonly observed during the immersion of resin and laminates in hot water which 
include disc crack formation, blistering and de bonding of fibre/resin composites. The 
osmosis explanation presupposes the existence within the castings or laminate of 
water-soluble inclusions, capable of forming localised but concentrated solutions within 
the material after a period of immersion in water. These substances might have been 
present from the beginning, or they could form during immersion. 
Ashbee et al[37] who originally proposed the osmotic mechanism for disc 
cracking, analysed the contents of blisters by electron probe x-ray microanalysis, and 
found the presence of the elements: potassium, chlorine, sulphur and calcium. Flame 
spectrophotometry was used to analyse quantitively the substances in the blisters, and 
the results are shown in Table 2.2. 
Brueggemann[53] found in spas or pools which contains chlorinated water, the 
blister fluid precipitates as brown-black deposit around the blister. This discoloured 
material is predominantly cobalt, either as the oxide or hydroxide. The pH value of the 
fluids inside the blister is near 3 while the water in the pool or spa is nearly at pH 7. 
Hosangadi[54] reported the pH value of 3.70 of the blister fluid. Platen[32] took 
shavings from the gelcoat above the water line of a GRP pool, and detected mostly 
calcium, with a little cobalt in the ash from an ignition test. Swabbings from the stained 
areas of the gelcoat also contained mostly calcium, but with iron, manganese, cobalt 
and copper at low concentrations. He also found fungi and algae within the perforated 
blisters. 
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Abeysinghe et al[55) su=arised the analytical results from a major survey of the 
contents of the fluids in blisters from several hundred panels. The metal cations were 
analysed using samples of fluid extracted by means of hypodermic syringes, directly 
from the blisters. The analytical techniques employed were atomic absorption 
spectroscopy <hAS.), flame photometry (E£), and for qualitative data only, energy 
dispersive analysis by x-rays. Table 2.3 shows some typical results. The 
determinations by AAS and FP were always in broad agreement 
Large calcium concentrations were found, sometimes of more than 4000ppm. 
Other cations of the kind related toE-glass were present in much lower concentrations. 
There were also some cations not normally expected in E-glass at a significant level. 
Cobalt (presumably from the accelerator), iron (believed to be from the water 
i=ersion heater and pump) and zinc were detected. 
Abeysinghe et al[55] also analysed the organic constituents of the blister fluids, 
using gas liquid chromatography. This required an extensive progra=e of peak 
identification by seeding with suspected substances, taking account of the probable fate 
of various constiments of the laminates. 
Figure 2.5 shows a chromatogram obtained from a blister fluid, and the 
numbered peaks are identified, other peaks remain unidentified. No attempt was made 
to analyse for trace residual acids. 
The proposed origins of the trace substances found in blister fluids in glass fibre 
reinforced laminates made by hand lay-up technique are listed in Table 2.4. It is found 
that excess propylene glycol in the resin is a cause of osmotic pressure generation. 
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To summarise, the substances in blister fluids are from both the raw materials and 
hydrolysed products of resins, glass fibre, binder and size. The blister fluids are quite 
acidic. 
2.5. FACTORS AFFECTING BLISTER FORMATION 
2.5.1. WATER IMMERSION 
Once a GRP laminate has been made, the time to blister will be affected by the 
water quality and the temperature at which it is immersed. Blisters are more likely to be 
formed in fresh water and distilled water than in salt solution and sea waterf51][56-
57J. The higher the temperature of water, the more rapidly the blister forms[51J. It has 
been reponed that for single sided immersion conditions in distilled water at 400C 
compared with the same environment at 230C an acceleration factor of 5 to 6 has been 
observed[58-59J. Amoco Chemicals Corporation reponed that one year single sided 
exposure to 65.60C (1500F) distilled water is expected to equal to 20 years of actual 
sailing[23J. 
The reasons for this very marked temperature dependence are[60-62l: 
(1 ). Increased gelcoat permeability 
(2). Faster hydrolysis of the laminate constituents 
Many boat manufacturers use exposure to boiling water to evaluate the blistering 
resistance of GRP laminates because it gives results in a much shorter time. However, 
experiment studies show very low correlation between real-life blisters and blisters 
produced by boiling water[23J, because the temperature of boiling water is too close to 
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the heat distortion temperature of the polyesterf63-64J. 
For laboratory tests of blistering, the water temperature should be within 3QOC to 
650C in order to give more representative results, while still resulting in an accelerated 
test[ 41] [ 65-66]. 
2.5.2. GELCOATS 
Experiments show that the use of gelcoats significantly prolongs the time to onset 
of blister formation, and in many systems their use prevented blister formation within 
the time scale of the work which is, at present, one year[ 56}. However, this is not so 
for all systems, especially gelcoats based on orthophthalic acid and isophthalic acid of 
low unsaturation (i.e. low heat distortion temperature), which are more susceptible to 
hydrolysis and hence higher water pickup[67J. 
The chemical compositions of gelcoats are very important to the blister resistance. 
Isophthalate resins are superior to those made from orthophthalic anhydride in this 
aspect[67-72], and have now become much more widely used. It is the intention of 
Lloyd's Register of Shipping to move towards phasing-out orthophthalate gelcoats, 
eventually removing them completely from their list of approved materials[69]. 
Isophthalic acid/neopentyl glycol based gelcoats have even better blister resistance than 
those based on isophthalic acid/propylene glycol[Sl-52][67-70}[73-741. Unsaturated 
polyesters based on TMPD glycol (2,2,4-trimethyl-1,3-pentanediol) with isophthalic 
acid or dimethyl terephthalate exhibit better blister resistance than general purpose 
isophthalate gelcoats[75-76J. Vinyl ester resin also has better performance than 
isophthalate gelcoat[77J. 
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A study into the effect of gelcoat thickness revealed that it plays a major role on 
blister resistance. Freeman Chemicals[78] exposed GRP laminates with different 
gelcoat thickness on a Q.C.T. Condensation Tester at 6QOC and monitored to the flrst 
sign of blistering. The relationship between the time to onset blistering and the gelcoat 
thickness is shown in Figure 2.6. Clearly if too thin a gelcoat is used then the 
performance of a system will be dramatically reduced. 
The time interval between applying the gelcoat and the backing resin also affects 
the blister resistance[79J. Eastman Chemicals[76) reported the experiment results in 
which GRP laminates were treated in boiling watet. The gelcoat used on the laminates 
was allowed to cure to various stages before lamination. The study showed that in 
order to get better gelcoat performance, the gelcoat should not be allowed to progress 
beyond the tacky stage of cure before lamination begins. 
The gelcoat quality and fabrication conditions are important to blister formation. 
Liittmann[80] found that working temperature below JSOC results in much increased 
viscosity, trapped air- bubbles and uneven thickness. Gelation is delayed too, so the 
evaporation of styrene is excessive, resulting in insufficient degree of cure. Using a 
brush to apply the gelcoat inevitably leads to uneven thickness as well. Spraying gives 
a more uniform thickness, but many more air-bubbles are introduced, and these will 
escape only if the viscosity is low enough. 
2.5.3. BACKING RESIN 
The same principles apply for backing resins as for gelcoats, e.g. isophthalate 
backing resin performs better than orthophthalate resin, and isophthalate/neopentyl 
glycol resin does even better[56J. However, because backing resins are not directly in 
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contact with water, and since they form the bulk of the laminate, it would be very 
expensive to use high grade resins. It has been claimed that excess of propylene glycol 
in the resin can reduce the blister resistance of the laminates drarnatically[81J. 
Blistering can develop due to permeability differences between the gelcoat and 
backing resin. Edwards[64] suggested that in order to avoid pressure development at 
their interface and facilitate diffusion of water, it is preferable that the backing resin 
have an equivalent or higher permeability rate for water than the gelcoat. 
It is found that in order to reduce hydrolytic breakdown which appears to 
correlate with blistering behaviour, acid groups which catalyse hydrolysis should be 
minimised[43J. A carboxyl group scavenger in the backing resin has been found to 
improve the blister performance[ 51]. 
2.5.4. GLASS REINFORCEMENT 
Generally speaking, laminates containing powder bound chopped strand mat 
(CSM) display a lower water uptake and a higher resistance to 
blistering[51][56][68][80], because in emulsion bound CSM, the binder, polyvinyl 
acetate, is more susceptible to hydrolysis in the presence of water and trace of acid. It is 
recommended to use reinforcements containing non-hydrolysable binder, especially 
with orthophthalic aid based resin system, but beware of the more difficult handling of 
this kind of CSM[68][82]. The use of slow wet-out emulsion bound mats gives 
comparable results to fast wet-out emulsion bound mats[ 56]. 
The use of surface tissue immediately behind the· gelcoat significantly improves 
the blistering resistance[83J. The cosmetic appearance of the laminates with tissue is 
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substantially better than those without. But because tissue is difficult to handle, a light 
weight CSM is often used[84]. Glass and synthetic tissues have little difference 
between them in terms of time to onset of blistering[ 66]. 
It is found that the presence of woven roving in CSM reinforced laminates has no 
effect on blister formation[ 56]. 
2.5.5. ACCELERATOR AND INITIATOR SYSTEMS 
The most frequently used accelerator-initiator system for polyester resins is a 
hydroperoxide-cobalt redox system. Alternative systems include benzoyl and other 
peroxides, alone or with a tertiary amine, and the peroxyketaJs[85]. It is reported that 
the benzoyl peroxide-dimethylaniline initiator-accelerator system adversely affected 
blistering onset time[86], possibly by producing hydrophilic nitrogen-containing 
substances and benzoic acid, as shown in Figure 2.7. 
It should be noted that all the gelcoats were pre-accelerated with cobalt 
accelerator, and only the Jay-up resin was cured with amine system in this experiment. 
Liittmann[80] found that, although MEKP/Cobalt represents the most widely used 
initiator system, it does have disadvantages, since the quantities required to give 
satisfactory cure can lead to short gel times and inadequate impregnation in hot weather, 
with consequent microporosity or inadequate wet-out. Cyclohexanone peroxide offers 
advantages in this aspect 
Studies into the effect of different types and sources of initiator showed that 
medium activity initiator gave a better blister resistance than high activity initiator[66J. 
Interestingly, some differences between claimed equivalent grades of medium activity 
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were observed. 
The initiator carrier also affects the blister resistance. Many will be familiar with 
the case of blistering in France which was eventually traced to a change in the initiator 
carrier from a phthalate plasticiser to diethylene glycol[66J. 
The amounts of accelerator and initiator used also affect the blister performance. 
Edwards[64] found that blistering resistance becomes better as the quantity of the 
peroxide was reduced and the accelerator was increased so as to hold gel time constant 
Boiling water treatment of casting resins with various initiator concentrations with 
certain amount of accelerator (so the gel times were varied) showed that the higher the 
level, the lower the resistance to boiling water. 
PlateJ1[32] found that blisters were formed in swimming pools made from GRP; 
brown to black stains in the vicinity of the blister areas were also found. The stains 
were apparently caused by reaction between the cobalt ions in the blister fluids and the 
chlorinated pool water which penetrated any cracked blisters and oxidised the cobalt. 
2.5.6. PIGMENT AND FILLER 
Norwood[68] compared white and clear gelcoated systems and found that 
gelcoats into which white pigment was dispersed directly, in general, give equivalent 
performance to clear gelcoats; this is not true of other pigmented gelcoats, for example, 
deep-blue pigmented gelcoats blister considerably earlier than their white or clear 
equivalent. A more common practice in the UKis for the colour to be added to the 
gelcoat and backing resin in the form of a pigment paste, typical levels being 10 and 2 
per cent respectively. A study into the effect of pigment paste additions at this level 
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showed that the time to onset of blistering was reduced and that there are substantial 
differences between the various systems£66], The poor performance is associated with 
the presence of the pigment carrier, a low-molecular-weight carrier medium, which is 
susceptible to hydrolysis. It is concluded that it is unwise to use deeply coloured 
gelcoats below the water line in boats. 
Brueggemann£53] found that filled gelcoats reduce the blister resistance by 
allowing water permeation at higher rates. Both talc and calcium carbonate filled gelcoat 
produced blisters more readily, and the weatherability of the gelcoat is also 
reduced[64]. 
2.5.7. MANUFACTURING PROCESSES 
It is obvious that the kind of fabrication methods adopted are important in the 
production of high quality laminates, and it is not just a question of using the right 
materials. "The Total Control" concept was introduced to emphasise the importance of 
the fabrication procedures to the blister resistance of the larninate[66]. Taylor[87-88] 
blamed the poor manufacturing conditions, bad material selection and poor fabrication 
skill as largely responsible for blister formation. 
Guidelines for the manufacture of GRP laminates to be used in marine 
environments have been issued by the British Plastics Federation[89]. They 
recommend that: 
(1). The temperature of workshop must not fall below 160C. The mould 
temperature should be as near as possible to 'that of the workshop. 
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(2). The relative humidity should not be sufficient to allow condensation on 
moulds and materials. 
(3). Quantities of resin, initiator and accelerator should be measured accurately 
and mixed adequately without over vigorous blending. 
( 4). The gelcoat should not be diluted with acetone or other solvents, and should 
be applied to an even thickness of nominally 0.5mm, wet. 
(5). The frrst layer of backing resin and reinforcement should be applied as soon 
as the state of gelcoat permits. 
(6). The laminate should be cured at 160C to 2QOC for approximately 20 days 
from commencement of lay-up. If it is possible, the laminate can be post 
cured at 4QOC for 16 hours. 
2.6. CLASSIFICATION OF BLISTERS 
The blisters which may be found on the underwater parts of GRP hulls can vary 
widely in type, and they can be classified in different ways. BPF placed them into six 
general categories[90]: 
Type 1: Ranging from minute protuberances up to small blisters of pin head size. 
Type 2: Blisters following glass fibre strands·, either in the form of a train of 
individual pin head sized blisters or as an elongated ridge. 
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Type 3: Generally 5 to 15mm in diameter, and typically "dome" shaped. 
Type 3A: When blister is broken, there is a smooth, often glossy resin 
surface with no evidence of glass fibtes or fibte pattern. 
Type 3B: On breaking open, glass fibre reinforcement is disclosed, 
although this is well coated with resin. 
Type 3C: When blister is broken, this blister is characterised by the 
presence of resin free, often fluffy, glass fibre strands. 
Type 4: Characteristically broad and flat, 10-SOmm in diameter and raising some 
1-3mm from the plane of the surrounding laminate. 
Norwood[56] assessed the blister formation using the following scheme: 
Type 1: fibre whitening, no blisters. 
Type 2: As 1 but with small blisters, or small blisters only. 
Type 3: Blisters 1-2mm diameter, some had burst. 
Type 4: Blisters 3-4mm diameter, some had burst. 
Type 5: Blisters 4-5mm diameter. 
Type 6: Start of formation of blisters 5mm diameter. 
Type 7: Blisters 6-10mm diameter. 
Type 8: Blisters 10mm diameter. 
The higher the mark, the more serious the blister formation. 
It is possible to quantify the size and frequency of blisters using an established 
paint industry test, ASTM D714-56. This method employs photographic reference 
standards to evaluate the degree of blistering. Size of blister is described on a numerical 
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scale from 10 to 0 with 10 representing no blistering, 8 the smallest easily seen blister 
and 6, 4 and 2 representing progressively larger sizes. Frequency of blistering is 
defmed by four selected levels: 
Dense D 
Medium dense :MD 
Medium M 
Few F 
These reference standards can be used to compare the blister development of 
systems over a period of time[ 66], 
In order to understand the fundamental reasons of blister formation, Birley and 
the Author[ 52] classified blisters into four groups according to their origins: 
Contaminants: 
Bubbles: 
Pre-cracks: 
Contaminants in the gelcoat can cause blistering by 
osmosis. 
A few bubbles which are very near the outer surface of 
gelcoat, or very big bubbles may develop into blisters. 
Pre-cracks are formed during post-cure period, prior to 
water immersion. They usually develop into blisters 
during water immersion. 
Glass Fibre Bundles: This type of blister is immediately behind the gelcoat, 
along fibre bundles. When blisters burst (or a blister 
ceiling is carefully removed), glass fibres are exposed. 
Remedies for different types of blisters were proposed in the same reference. 
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2.7. REPAIR OF BLISTERED PRODUCTS 
Whilst concened studies on the cause of blistering are presently being undertaken 
in order to identify the problem, it is necessary that owners and repairers should have 
clear advice both on whether early remedial treatment is desirable and on the appropriate 
action to be taken according to the type of blister defect encountered. The renovation of 
blistered GRP structures can be expensive, and is justified only if the extent of the 
defect is substantial. Recommendations on the remedial work necessary have been 
issued by the British Plastics Federation[90] and the Plastics Institute of Australia, 
ind91J. Olford[57] also discussed the possible remedial actions for blistering. 
The smallest blisters, ranging in appearance from minute protuberances up to pin 
head size, have no significant effect on the strength of the hull laminate, nor, unless 
widely spread, on the protection afforded by the gelcoat. No immediate remedial action 
is necessary. 
Blisters formed along the line of glass fibre strands may be either in the form of 
train of individual pin head sized blisters, or alternatively, may form an elongated ridge. 
The gelcoat in the later case may be found to have cracked at the apex of the ridge. The 
possibility of any loss of overall laminate strength at this stage can be discounted unless 
the defect is spread extensively over the hull. Immediate remedial work is not normally 
necessary but requires to be undertaken within three or four months. 
Larger blisters, with a "dome" shape, range from 5 to 15 mm in diameter, are still 
not considered to be structurally significant. In the case of broken blisters, rectification 
should be undertaken within three to four months. Broken blisters can be repaired by 
lightly sanding, washing with fresh water and drying; then filling with epoxide or 
polyester resin. A final painting treatment is required to provide additional protection. 
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The presence of glass fibre visible under broken blisters is considered important 
only in the case of blisters which have reached 5= in diameter, provided the glass 
fibres are well coated with resin. Large blisters require scraping out, cleaning, 
washing, thorough drying, stopping and painting. 
Those blisters, on breaking open, revealing resin-free, often fluffy, glass fibre 
strands require early rectification treatment. Remedial work should not be delayed. The 
affected area should be cut back up to sound laminate, and replaced with layers of 
powder bound chopped strand mat and polyester resin. 
Large blisters, ranging from lOmm to 50= in diameter, indicate voids within 
the laminates where water may be accumulating and tending to extend the affected area. 
Early remedial action is strongly recommended. Again, dry glass reinforcement needs 
to be removed, applying powder bound chopped strand mat and polyester resin to build 
up to the main hull laminate contour. 
These operations are time-consuming, and require some experience, if the hull is 
not going to be damaged by the removing of blister affected areas. Anti-fouling 
treatment should be applied strictly in accordance with the treatment supplier's 
recommendation. The over-liberal use of etch primers outside those levels 
reco=ended by their suppliers may have a damaging effect, because certain etch 
primers can attack polyester resins and gelcoats very seriously. The quality of remedial 
work are also affected by the repairing environment, the cleaning and drying of the hull 
and quality of the materials used. 
42 
Table 2.1. Birefringence versus Number of Pre-cracks[S2] 
Birefringence Number of pre-cracks 
Cast sheet b.n!lo-5 in real laminate 
(laminate size: 1 OOcm2) 
Sheet 1 41.3 87 
Sheet2 54.4 127 
Sheet 3 35.8 Very few (<15) 
Sheet4 321.1 139 
Sheet 5 327.4 133 
Table 2.2. Analysis of Contents of Blisters[37] 
Resin 
A 
B 
c 
Calcium 
5 
3 
5 
Unit: parts per million 
Sodium 
13 
10 
20 
43 
Potassium 
3 
11 
7 
Table 2.3. Typical concentrations of metal cations in blister fluids[ 55] 
Measuring Time of immersion Typical 
Cation technique at 450C (days) concentration 
(ppm) 
Sodium FP 120-240 50-250 
Potassium FP 120 200-250 
FP 220-270 150-225 
Calcium FP 120 2500-4650 
FP 240-270 1350-6350 
AAS 120 2685-3500 
AAS 240-270 1500-7600 
Magnesium AAS 120 200-560 
AAS 240 100-640 
Zinc AAS 240-270 50-100 
Aluminium AAS 120 430-625 
AAS 240-270 425-790 
Iron AAS 120 85-100 
AAS 240-270 50-130 
Cobalt AAS 120 110-120 
AAS 240 110-175 
Copper* AAS 120 20 
AAS 240 8 
* Only a few estimations were made of copper concentrations. 
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Table 2.4. Suspected origins of the organic substances identified in the 
blister fluids[SS] 
Substances Possible origin Phase 
1,2 Propylene Unreacted starting Resin 
glycol material 
Diethylene glycol Unreacted starting Resin 
material 
Styrene Unreacted 
cross-linking monomer Resin 
Benzaldehyde Decomposition product Resin 
of styrene in air 
Acetic acid Polyvinyl acetate Glass binder 
or size 
Acetone (i) Syringe washing 
liquid 
(ii) Hand lay-up roller 
washing liquid 
Methyl ethyl Methyl ethyl ketone Initiator 
ketone peroxide 
Toluene Trace impurity in Resin 
styrene monomer 
Xylenes Trace impurity in Resin 
styrene monomer 
Ethyl benzene Trace impurity in Resin 
styrene monomer 
Benzene Trace impurity in Resin 
styrene monomer 
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Figure 2.1. 176' 625 ton displacement minehunter 
Figure 2.2. 34'6" cruising yacht 
Figure 2.3. 56' racing trimaran 
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Figure 2.4. Generation of osmotic pressnre 
B B 
B B 
Figure 2.5. Typical gas-liquid chromatogram of a blister fluid 
1 
Retention time 
3 
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5 
6 
4 
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(1) Methyl ethyl ketone (2) Benzene (3) Acetic acid 
(4) Toluene (5) Propylene glycol (6) Ethyl benzene 
(7) p-xylene (8) m-xylene (ll) a-xylene 
( 10) Slyrene (1 1) Benzaldehyde (12) Diethylene glycol 
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Figure 2.6. The relationship between gelcoat thickness 
and the time to onset of blistering 
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Figure 2.7. Initiation mechanism of benzoyl 
peroxide with a tertiary amine 
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CHAPTER 3 
EXPERIMENTAL PROCEDURE 
3.1. RAW MATERIALS 
3.1.1. POLYESTER RESINS 
The following resins received as solutions of the alkyd resin in styrene were used 
in the construction of laminates. 
Resin A: Isophthalic acid based pre-accelerated commercial gelcoat resin, containing 
fumed silica as a thixotropic agent. Supplied by British Industrial Plastics 
Ltd. (Code L8181). 
Resin B: Low reactivity orthophthalate resin prepared from propylene glycol I 
orthophthalic anhydride/maleic anhydride in the ratio 3:2:1. Supplied by 
British Industrial Plastics Ltd. (Code L5993). 
Resin C: Neopentyl glycoVisophthalic acid based resin, non-thixotropic. Supplied by 
British Industrial Plastics Ltd. (Code L8200). 
Resin D: Laboratory sample prepared from propylene glycol and maleic anhydride. 
Supplied by British Industrial Plastics Ltd. (Code L6646). 
Resin E: Isophthalic acid based pre-accelerated clear gelcoat. Supplied by Scott Bader 
Company Ltd. (Code GC65PA). 
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Resin F: Isophthalic acid based pre-accelerated backing resin. Supplied by Scott Bader 
Company Ltd. (Code C489PA). 
Resin G: Clear pre-accelerated gelcoat based on isophthalic acid, neopentyl glycol and 
maleic anhydride. Supplied by Scott Bader Company Ltd. (Ccx:le GC69PA) 
Resin H: Backing resin based on isophthalic acid, neopentyl glycol and maleic 
anhydride. Supplied by Scott Bader Company Ltd. (Ccx:le C392) 
Resin I: Pre-accelerated clear gelcoat based on orthophthalic anhydride, propylene 
glycol and maleic anhydride. Supplied by Scott Bader Company Ltd. (Code 
GC IPA). 
Resin J: Pre-accelerated backing resin based on orthophthalic anhydride, propylene 
glycol and maleic anhydride. Supplied by Scott Bader Company Ltd. (Code 
C471PA). 
Resin K: Pre-accelerated gelcoat resin based on orthophthalic anhydride, propylene 
glycol and maleic anhydride. Supplied by Cray Valley Products Ltd. 
Resin L: Pre-accelerated backing resin based on orthophthalic anhydride, propylene 
glycol and maleic anhydride. Supplied by Cray Valley Products Ltd. 
Resin M: Laboratory sample made from propylene glycol and maleic anhydride with 
30% of styrene content. Special conditions were employed during synthesis 
to suppress the isomerization form maleate to fumarate. Supplied by Cray 
Valley Products Ltd. (Code AA11924). 
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Resin N: Laboratory sample made from propylene glycol and fumaric acid with 30% 
of styrene.content. Supplied by Cray Valley Products Ltd (Code AA11925). 
Resin 0 : Laboratory sample with defined molecular weight, made from propylene 
glycol and maleic anhydride. Supplied by Cray Valley Products Ltd. (Code 
AA 11940). Technical data are shown in Table 3.1. 
Resin P: Laboratory sample with defined molecular weight, made from propylene 
glycol and maleic anhydride. Supplied by Cray Valley Products Ltd. (Code 
AA11941). Technical data are shown in Table 3.1. 
Resin Q: Laboratory sample with defined molecular weight, made from propylene 
glycol and maleic anhydride. Supplied by Cray Valley Products Ltd. (Code 
AA11942). Technical data are shown in Table 3.1. 
3.1.2. EPOXY RESIN 
The cold cure epoxy resin was supplied by Scott Bader Company Ltd. The code 
is Epoxy 1927. The abbreviation Epoxy is used for this resin. 
3.1.3. VINYL ESTER RESIN 
The modified vinyl ester resin was also supplied by Scott Bader Company Ltd. 
The code is PD7 466. Vinyl is used as the abbreviation for this resin. 
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3.1.4. INITIATOR AND ACCELERATOR SYSTEM 
The initiator used .for polyester resins was Catalyst M, which is a liquid 
dispersion of 50% methyl ethyl ketone peroxide in plasticizer ·, with medium 
reactivity. It was supplied by Scott Bader Company Ltd. 
The Accelerators used were Accelerator E and G which contain 0.4% and 1% of 
cobalt as the octoate in styrene solution respectively. Again they were supplied by 
Scott Bader Company Ltd. 
The type and amount of initiator and accelerator used are shown in Table 3 .2. 
The hardener for epoxy resin was Hardener 1927, supplied by Scott Bader 
Company Ltd. The epoxy system was used in the ratio of 3 parts of epoxy resin to 1 
part of epoxy hardener. 
The Vinyl ester resin PD7 466 was cured using 2 parts per hundred of resin of 
Accelerator G and 2% catalyst LPT, supplied by Scott Bader Company Ltd. 
3.1.5. GLASS FIBRE REINFORCEMENT 
Two grades of chopped strand glass mat (CSM) were used. Most experiments 
were performed with an emulsion bound CSM of 450gfm2 E glass (Code Mat 79 
450x91) supplied by PPG Glass Fibres Ltd, who also supplied the powder bound 
CSM (450g!m2, Code TM9877 450x91). The abbreviation EmCSM is used for the 
former CSM and PoCSM for the latter. 
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In order to study the effects of glass mat binder on the blistering performance, 
acrylate bound CS1:f was made (abbreviation: M!Y!). The chopped strand glass fibre 
was slow wet-out sized glass staple (code 1510) supplied by Fibreglass Ltd, and the 
binder was Texicryl 13-032 supplied by Scott Bader Company Ltd., it is a butyl 
acrylate/styrene copolymer emulsion with 55% of solids. 
22.5g of glass fibre staple was spread evenly on to a wire mesh (l "xl/2" 
rectangles) and covered with another wire mesh. Several bulldog clamps were used to 
hold them together. 9.3g of acrylate binder was weighed into a bottle and 41.5ml 
deionised water was added to make a 10% emulsion. This was spread evenly onto both 
sides of the glass staples through the wire meshes with a Humbrol spray gun. Then the 
whole device was placed into a 500C oven for few minutes to dry off the binder. Whey 
dried, the wire meshes were eased off by a pallet knife. The glass mat was then placed 
into a 500C oven for 16 hours, and subsequently used for lamination. 
Ethylene Propylene Diene rubber (EPDM) was dissolved in dekalin and then used 
as a binder to make glass fibre mats in the same manner as making acrylate bound 
CSM. The mat so made is coded as EPDM-CSM. 
Blue coloured polyester fibres were used to make mats as well in the same way as 
making acrylate bound CSM. The quantity used in each mat was less than that of glass 
fibre staples. This kind of mat is coded as PE-MAT. 
The surface tissue used was C glass surface tissue. 
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3.2. LAMINATE CONSTRUCTION 
Unless stated otherwise, the following is the usual procedure to construct the 
laminates. 
The Guidance Notes[89] issued by the BPF were used as a reference for the 
construction of the laminates. A shaped mould was not used, the laminate was built up 
on a flat glass plate which had been wax polished. A gelcoat of uniform thickness was 
formed by pouring the resin on to the glass plate in front of a stainless steel bar 
spreader which was pulled slowly and evenly across the plate. The gelcoat was allowed . 
to cure for 2 hours at room temperature before the backing layer was added. The 
backing layer contained 3 layers of CSM and the resin:CSM ratio was 2.5: 1. one third 
of backing resin was brushed on to the gelcoat, and the first sheet of CSM was 
impregnated into the resin by brush and consolidated by disc roller. More backing resin 
and CSM was applied and the whole process was repeated until all three layers of CSM 
were thoroughly incorporated into the resin. The laminate was then covered with a 
cellophane fJ.l.m to exclude the air. It was allowed to cure for 24 hours at room 
temperature, then post-cured for 16 hours at 40-43°C. 
3.3 WATER IMMERSION METHOD 
Blisters were formed by variety of treatments, including the following: 
(1). Full water immersion in 4QOC distilled water, where most of the blistering 
experiments were carried out. The apparatus used is depicted in Figure 3.1. The tap 
water in the bigger tank was kept at 400C by a Tecam TE-7 Tempette Heater. Within it" 
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a smaller tank contained distilled water, in which GRP laminates were fully immersed. 
(2). Full water imrn~rsion in distilled water of room temperature. The laminates 
were fully immersed in distilled water, which was kept at room temperature (not 
regulated). 
(3). Full water immersion in simulated sea water of room temperature. According 
to the composition of sea water[92]: 
Sodium chloride: 
Magnesium chloride: 
Magnesium sulphate: 
Calcium sulphate: 
27.21 g per 1 OOOg of sea water 
3.81 g per lOOOg of sea water 
1.66 g per lOOOg of sea water 
1.26 g per lOOOg of sea water 
The simulated sea water is made by adding 27.21g of NaCl, 8.13g of 
MgCl2·6H20 and 3.40g of MgS04·?H20 to one litre of tap water. Calcium sulphate 
was not added since hard tap water was used. The samples were fully immersed in 
simulated sea water, which was kept at room temperature (not regulated). 
(4). Single side immersion in 4QOC distilled water. A special apparatus was 
designed to achieve single side exposure; this is shown in Figure 3.2. The plastics 
cylinder was filled with distilled water, and the samples were mounted on the two ends 
of the cylinder by means of screws so that the water was in contact with the specimens. 
The whole device was kept in a 4QOC oven. 
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3.4. BLISTER FORMATION AND WATER UPTAKE 
Square shaped samp~es were cut from each laminate and checked under the light 
microscope with crossed polars illumination, the number and location of any defects 
were noted. The samples were then immersed in various media at different 
temperatures. The samples were checked at regular intervals, and blisters were 
examined both by naked eye . and under the light microscope with crossed polars 
illumination. The origins of all blisters were identified, the number of them was 
counted and the time to blister was recorded. 
Similar shaped samples were prepared for water uptake experiments. The samples 
were weighed before water immersion and then at regular intervals after water 
immersion. Samples removed from water were dried by absorbent paper, weighed, 
examined for blisters and then re-immersed in water. 
3.5. BIREFRINGENCE MEASUREMENT 
A series of birefringence measurements was carried out on GRP laminates and 
cast sheets. 
A specimen, 4-5mm thick, was cut from the laminate or cast sheet and was then 
ground and polished so that it could be viewed in the plane of the original laminate, i.e. 
edge-on to the laminate. The microscope used was a Zeiss Universal Instrument with 
magnification of 2.5x15. The specimen was viewed in this microscope between 
crossed polars and in monochromatic light (green, wave length: 546nm) and the stage 
was turned for extinction. It was then positioned for maximum brightness by turning 
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the stage through 450. The Senarmont compensator was inserted at 450 and the degree 
of rotation of the an~yser required to give extinction was measured. The procedure was 
repeated by adjusting for e?Ctinction in the opposite direction in order to obtain a second 
reading. In fact 8 readings were obtained by repeating the above procedure 4 times. 
From these readings the optical path difference (OPD) was determined[93]: 
OPD = 2a.x546/360 
where: a.---- the average reading 
The thickness (t) of the specimen in the view direction was measured with a 
micrometer, so the birefringence was calculated from OPD/t. 
3.6. MECHANICAL PROPERTIES 
3.6.1. TENSILE BEHAVIOUR 
Six specimens, approximately 12.5mm in width, were cut from each laminate. 
The edges of the specimens were trimmed by sandpaper, the exact thickness and width 
at different points on the same sample were measured by micrometer, and the average 
thickness and width were calculated. 
The machine used was an Instron Universal Testing Instrument, floor-model <m 
with Balanced Elastomeric Extensometer and wedge-action grips. The gauge length 
employed in the tests was 120mm and the extension speed was set at 5mm/min. The 
force-elongation curves were recorded by the recorder with 20 times magnification of 
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the true elongation (cross head speed : recording paper speed = 1 : 20). The stress, 
strain and modulus ~ere calculated, and the median values were chosen to represent the 
properties of the materials .. The first crack in the gelcoat was defined as the failure state 
1 and the final breakdown of the specimen, failure state 2. 
In order to fmd out the effect of water immersion on the tensile behaviour of the 
GRP laminates, ten specimens, approximately 26.5mm in width, were cut from each 
laminate of five well made laminates. five of which were fully immersed into 400C 
distilled water for 40 days, and then dried for 30 days at 400C. Again the edges of the 
specimens were trimmed by sandpaper, and the exact thickness and width were 
measured by a micrometer and a vernier calliper respectively. 
The machine used was a Dartec Universal Serve-hydraulic Testing Machine with 
an extensometer and wedge-action grips. The gauge length employed in the tests was 
1 OOmm and the extension speed was set at 5m.rn/min. The force-elongation curves were 
recorded by a chart recorder, its full x scale produce 4% of strain. The stress was 
calculated by: 
Stress= Force/(Width x Thickness) 
and the Young's modulus was calculated by selecting a point on the linear region of 
force-elongation curve, finding out the force and strain at that point, and dividing the 
force by the strain and the cross section of the specimen. 
The average values of the stress and Young's modulus were chosen to represent 
the properties of the materials. 
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3.6.2. THREE-POINT BENDING 
Four specimens, approximately 30mm in width, were cut from each laminate, 
two of which were boiled in deionised water for 24 hours, and then dried in a 440C 
oven for 4 days. The edges of the specimens were trimmed by sandpaper, the exact 
thickness and width at different points were measured by micrometer and vernier 
calliper respectively, and the average thickness and width were calculated. 
The machine used was a JJ Tensile Testing Machine, Type T5002 with a Flexural 
Cage-TG 18 which is a jig specially designed for 3-point bending tests. The span 
employed in the tests was set at 75mm and the testing speed 5mm!min. The 
force-deflection curve was recorded by JJ "XY" Plotter, Type PL100. The first crack in 
the gelcoat which was in tension was defined as the failure state 1 and the frnal 
breakdown of the specimen, failure state 2. 
In order to get rid of some undesirable effect of boiling water treatment, thineen 
specimens, approximately 16mm in width, were cut from each laminate of five well 
made laminates, six of which were fully immersed into 400C distilled water for 40 
days, and then dried in a 4QOC oven for 30 days. The edges of the specimens were 
trimmed by sandpaper, and the exact thickness and width were measured by a 
micrometer and a vernier calliper respectively. 
Again the machine used was a JJ Tensile Testing Machine, Type T5002 with a 
Fle:xural Cage-TG18. The span employed in this tests was set so that the span:thickness 
is about 16:1. The testing speed 2.5mm/min. The force-deflection curve was recorded 
by a new type of JJ "XY" chart record. Similarly the first crack in the gelcoat which 
was in tension was defined as the failure state 1 and the final breakdown of the 
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specimen, failure state 2. 
For those tests that ~he deflection:span ratio is no more than 10%, the stress is 
calculated by: 
Stress = (3FL)/(2bd2) 
the strain is calculated by: 
Strain= 6(d/L)(e/L) 
and the modulus of elasticity by: 
Modulus= Stress/Strain 
For those samples that the deflection:span ratio is greater than 10%, simple 
bending theory can not be used. According to ASTM D790M-86 "Flexural Properties 
of Plastics", the maximum stress for a single beam is approximated by: 
Where: F --- Maximum force 
L --- Span 
b --- Width of the sample 
d --- Tirickness of the sample 
e --- Deflection at the centre of the sample 
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3.6.3. FALLING WEIGHT IMPACT 
The impact strength. tests of the different GRP systems were carried out on a 
Rosand Precision Instrumented Falling Weight Impact Tester. Two sets of specimens 
were prepared, one set comprised the original specimens, while the other set was boiled 
in deionised water for 24 hours, then dried for 7 days in a 44°C oven. The thickness of 
the specimens was measured by a micrometer. 
The impact weight was 25kg with an impact head 20 mm in diameter which fell 
freely from a height of one metre to the specimen whose gelcoat was impacted first at 
about 4.5m/s. The change of impact force with time was monitored by a transducer and 
the impact speed was measured by another sensor device. The force- time curve was 
then shown on the Visual Display Monitor. A BBC microcomputer was connected to it, 
so the curve was analysed and the characteristic data, the peak and failure information, 
were calculated. 
In order to get rid of some undesirable effect of boiling water treatment, another 
sixteen specimens were prepared from each laminate of five well prepared laminates. 
Eight of which were fully immersed in 4QOC distilled water for 40 days, and then dried 
at 400C for 30 days. The thickness of the specimens were measured by a micrometer. 
The falling weight impact tests were carried out in the same ROSAND Falling 
Weight Impact Tester, and the parameters employed were the same as above. 
As with all hand lay-up composites, there are inevitably small sample-to-sample 
variations in specimen thickness. In order to compare and analyse the results, a linear 
relationship between thickness of the sample and peak force, peak energy and failure 
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energy was adopted[94J. 
3.6.4. ROCKWELL HARDNESS 
The experiment was carried out according to BS2782 Part 3 Method 365C 
"Determination of Rockwell Hardness" and ASTM D785-86 "Rockwell Hardness of 
Plastics and Electrical Insulating Materials". The scale used was Rockwell scale L, with 
a minor load of lOkg, major load 60kg and indenter diameter 9.25 inch (6.35mm). The 
equipment used was Avery Rockwell Hardness Tester type 6402. Clear cast sheets 
were used as test specimens. The tests were carried out on the gelcoat side of the 
specimens and 6 tests were made for each specimen. 
3.7. DYNAMIC MECHANICAL THERMAL ANALYSIS 
The dynamic mechanical thermal analysis (DMT A) experiment was carried out in 
a Du Pont 983 Dynamic Mechanical Analyser, which produces quantitative information 
on the viscoelastic and rheological properties of GRP by measuring the mechanical 
response of a sample as it is deformed under periodic stress. Fixed frequency 
oscillation of 1Hz was used. 
Two sets of samples were prepared, one was cast resin sheets only, and the other 
was the GRP composites with gelcoat and glass fibre reinforcements. The specimen 
was about 30mm x 15mm x 3.5mm in dimension. It was clamped in a vertical 
configuration between the ends of two parallel arms, which were mounted on low-force 
flexure pivots allowing motion in only the horizontal plane. An electromagnetic motor 
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attached to one arm drove the ann/sample to a selected strain (amplitude) of 0.20mm. 
As the arm/sample system was displaced, the sample underwent a flexural deformation 
as depicted schematically in Figure 3.3. A linear variable differential transformer 
mounted on the driven arm measured the sample's response (strain and frequency) to 
the applied stress, and provided feedback to the motor. 
The sample was positioned in a temperature-controlled chamber which contained 
a radiant heater. It provided precise and accurate control of sample temperature. A 
hearing rate of 50C/minute was used 
An IBM microcomputer was used to provide control to the DMTA equipment and 
process the data The parameters calculated were: 
a) . Flexural storage modulus; 
b) . Flexural loss modulus; 
c) . Shear storage modulus; 
e). Shear loss modulus; 
f). Tangent delta; etc. 
All of the above parameters were plotted against temperature. The temperature at 
which tangent delta reaches its maximum value is defmed as the Tg (glass transition 
temperature) of the material. 
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3.8. MOLECULAR WEIGHT DETERMINATION 
Gel permeation ch~omatography (GPC) was used to determine the number 
average and weight average molecular weight of polyester resins. The equipment was 
designed by Polymer Laboratories Ltd. It was calibrated by 5 polystyrene standards 
having molecular weights 1750000, 450000, 68000, 9000 and 1200. The polyester 
solution was prepared by dissolving 50mg of resin in lOml of tetrahydrofuran (THF). 
A mixed gel column (5!lm) was used to separate a polyester sample dissolved to THF. 
The THF solution was injected into the THF solvent flowing through the column at 
constant rate of l.Ornl per minute. The eluted solvent was monitored using a refractive 
index detector and results were analysed using a BBC microcomputer, the results 
obtained are number average molecular weight (Mn), weight average molecular weight 
(Mw) and the heterogeneity index (MwtMn). 
In order to verify the results, a second GPC equipment was used. It had a 51-lm 
PL-gel column, and was connected to a chart recorder rather than a microcomputer, so 
only the molecular weight at the peak position was calculated. 
3.9. CURING OF POLYESTER RESINS 
The experiment to determine the curing of polyester resin was carried out 
according to ASTM D2471-71 "Gel Time and Peak Exothermic Temperature of 
Reacting Thermosetting Resins". The arrangement of the apparatus is shown in Figure 
3.4. The whole equipment was kept in a fume-cupboard to provide a draught-free 
environment. 
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A 1 OOml beaker contained 60g of polyester resin was surrounded by foam 
insulation to reduc~ heat loss, and a thermocouple was insened in the centre of the 
resin. The temperature ch;;mge of polyester resin after adding accelerator and initiator 
was measured by the thermocouple, and then shown on the digital thermometer. The 
digital thermometer also amplified the signal and then fed it into a XY plotter. The 
maximum temperature reached by the exothermal reaction of polyester resin and the 
time taken to reach this temperature staning from adding MEKP initiator were read-out 
from the recorded chans. 
3.10. SOLUBILITY OF GLASS FIBRE BINDER 
An indication of the ease with which a mat can be moulded is the time in which 
the mat binder can be dissolved. A special device was designed to measure the binder 
solubility, it is shown in Figure 3.5. 
The CSM sample was 300mm X 75mm in dimension with the 300mm dimension 
in the length direction of the mat. It was clamped on both ends by clamps C and D, and 
stretched with 150 gram dead weight. The solvents used in the dish A were:(1) 
mixtures of different percentages of toluene and petroleum ether; (2) resin B and (3) 
resin D. The timer was started after loading frame B into the dish A; the time taken to 
break the CSM was recorded as the indicator of mat binder solubility. 
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Table 3.1 Technical Data for Resin 0, P and Q 
Data Resin 0 Resin P Resin Q 
Acid Value 30.0 30.7 30.0 
Viscosity at 250C (S tokes) 10.7 35.3 9.6 
Solids Content (%) 69.6 69.7 69.0 
Gel Time at 250C 7.2 6.3 6.9 
(2% Cobalt<l% Co> and 1% :MEKP NA2) 
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T~ble 3.2 Curing Systems for Polyester Resins 
Resin Initiator(%) Accelerator 
Type(E/G)* Quantity(%) 
Resin A 2.0 
Resin B 1.5 G 1.5 
Resin C 1.6 G 1.2 
ResinD 
As Gelcoat: 2.0 G 1.5 
As Backing: 1.5 G 1.0 
Resin E 2.0 
Resin F 2.0 
Resin G 2.0 
ResinH 2 .0 E 1.0 
Resin I 2.0 
Resin J 2.0 
Resin K 2.0 
Resin L 2.0 
Resin M 2.0 G 2.0 
Resin N 2.0 G 2.0 
Resin 0 2.0 G 2.0 
Resin P 2.0 G 2.0 
Resin Q 2.0 G 2.0 
*Note: Accelerator G --- Accelerator containing 1.0% of cobalt. 
Accelerator E --- Accelerator containing 0.4% of cobalt. 
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Figure 3.1 . Equipment for 4QOC distilled water immersion 
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Figure 3.2. Equipment for single side water immersion 
Steel Cover CRP Sample Rubber Insulation 
Water Inlet 
Figure 3.3. Arrangement of DMf A equipment 
d displacement strain 
Electromagnetic Motor 
(applied Stress) 
Linear Variable 
Differential Transformer 
CRP Sample Clamp 
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Figure 3.4. Apparatus for measuring exotherm of resins 
during cross-linking reaction 
Digital Tbermo- Thermocoupl e 
XY Plotter meter and 
Curing Resi..n 
Amplifier 
) jt35.4°cj Bea ker 
lnsulation 
Figure 3.5. Equipment to determine CSM binder solubility 
B 
s 
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A: Dis h lo Contain Solvent 
B: Sleel Frame 
C,D: Bulldog Clam ps 
E: Stain less Sleel Crossbars 
F: Cord 
M: Dead Weight 
P: Pulley 
S: Specimen 
CHAPTER 4 
RESULTS AND DISCUSSION 
Blister Classification and Characterisation 
4.1. BLISTER CLASSIFICATION 
Blister formation is a complex process which is affected to a greater or lesser 
extent by the type and thickness of gelcoat, the type of backing resin, additives, 
reinforcement, the laminate construction, manufacturing defects and service 
environment. The locations of blisters are randomly distributed in laminates and the 
shapes are different from one to another. In order to understand the fundamental 
reasons for the blister formation, we take the approach of analysing the origins of 
blistering. Hundreds of GRP laminates were immersed in water, and blister formation 
was carefully monitored in each case. Every blister was examined by naked eye and 
microscopy technique. It is found that blisters can be classified into 4 groups according 
to their origins: 
1) Contaminants 
2) Bubbles 
3) Pre-cracks 
4) Glass fibre bundles (fibre line) 
In order to show the relative importance of various type of blisters, the average 
number on 100cm2 area oflarninate at one time is presented in Table 4.1. It shows that 
the blisters from glass fibre bundles and pre-cracks are most significant. 
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4.2. CHARACTERISTICS OF BLISTERS 
( 1) Blisters from contaminants 
Contaminants in gelcoat can cause blistering by osmosis. The size of the bubble is 
usually small provided that the contaminant is small, the shape round or almond-shaped 
according to that of contaminant. This sort of blister grows a little during water 
immersion, and some eventually burst to the outer surface of the gelcoat. 
Careful elimination of contaminants in resins and prevention of contamination 
during laminating are the remedy to this kind of blister. 
A micrograph of a blister from a contaminant is shown in Figure 4.1. 
(2) Blisters from bubbles 
A few bubbles which are very near the outer surface of the gelcoat, or are very 
big, may develop into blisters. The size of this kind of blister is usually very small, 
they are round in shape, and usually do not grow. Water drops are sometimes seen on 
the inside of the bubbles. 
Care must be taken when mixing resin with accelerator and initiator so that little 
air is trapped. If these blisters were important, vacuum treatment could be used. 
(3) Blisters from pre-cracks 
Pre-cracks are formed during the cure and post-cure period, prior to water 
immersion. Their size is usually small, shape round and they grow a little after 
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formation, and eventually burst to the outer surface of the gelcoat. 
The stress (measured by the birefringence) at the interface of gelcoat and backing 
resin plays a significant role in pre-crack formation. The number of pre-cracks seems to 
be generally related to the magnitude of the birefringence, as shown in Table 4.2. 
A micrograph of pre-crack itself is shown in Figure 4.2. Two micrographs of 
pre-crack blisters are shown in Figures 4.3 and 4.4. Figure 4.3 is a face-on view of 
pre-crack blister. The pre-crack is surrounded by some crack lines which were caused 
by blister growth. Figure 4.4 shows an edge-on view of pre-crack blister. The gelcoat 
was split by the blistering, and the bright field caused by birefringence is the pre-crack 
itself. 
Not all pre-cracks develop into blisters; it depends on the type of gelcoat, backing 
resin and reinforcement used, the positions and sizes of pre-cracks. The ratio of 
pre-cracks to pre-crack blisters is shown in Table 4.3. 
For any given laminate type, best results are obtained when backing resin is 
laminated to gelcoat at the appropriate time. Using the best resin system, e.g. resin D as 
both gelcoat and backing resin is another way to eliminate pre-crack blisters (Table 4.4) . . 
( 4) Blisters from fibre bundles 
This type of blister is immediately behind the gelcoat, along fibre bundles. When 
blisters burst (or blister ceiling was carefully removed) glass fibres are exposed. 
When the blister has just formed, it is round in shape, then grows into a line, 
along fibre bundles. It intersects with other line blisters, and the line becomes fatter. 
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Most of this kind of blister would eventually burst to the outer surface of the gelcoat. 
The blister size varies from 0.5mm to a few centimetres. 
Two micrographs of fibre line blisters are shown in Figures 4.5 and 4.6. Figure 
4.5 is a face-on view of fibre line blister. The crack lines on the edge of fibre bundle 
were caused by blister formation. Figure 4.4 is an edge-on view of fibre line blister. 
The blister split the fibre bundle into two bundles, and water was in this void. 
Incorporation of a layer of glass fibre tissue between gelcoat and backing resin 
delays blister formation by at least a factor of two. Skilled lamination and following 
best practice are very important to give optimum blistering performance. Use of resin D 
as both gelcoat and backing resin prolongs the time to onset of blisters (Table 4.4). 
4.3. BLISTER TRIALS 
The laminates were totally immersed in 4QOC distilled water, and the time to 
blister is recorded at the first sign of blistering. 
4.3.1. LABORATORY LAMINATES 
The blister resistance of laminates is affected both by the constituents of the 
laminates and the manufacturing techniques. This is shown in Table 4.4. A sequence of 
blister formation in laminate S 1 is shown in Figure 4. 7. 
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4.3.2. INDUSTRIAL lAMINATES 
We have received several laminates from industry; blister trials were carried 
out in 400C distilled water (total immersion). 
The results shown in Table 4.5 are comparable with those of laboratory 
laminates. Since the gelcoats of the industrial laminates were not carefully controlled, 
they are very thin in some areas, and blisters were firstly formed there. The advantage 
of using neopentyl glycol/isophthalate resin was overridden by the vulnerable very thin 
gelcoat 
4.4. MECHANISM OF BLISTER FORMATION 
It is obvious from previous discussion that there is a stress at the interface of 
gelcoat and backing resin. The stress layer might be caused by the swelling of the 
boundary layer of the partly cured gelcoat by the styrene from the freshly applied resin. 
The styrene then polymerises leaving the boundary layer in a swollen stressed state; the 
difference of shrinkages of gelcoat and backing resin at curing also generates stress at 
the interface. When the stress in the gelcoat exceeds its strength, pre-cracks are formed. 
When the laminates are immersed into water, the water penetrates into and collects in 
the pre-cracks, and slowly fills them. The water also dissolves water solubles, and 
hydrolyses the polyester resin. Consequently; the pre-cracks eventually contain pockets 
of concentrated aqueous solution, and diffusion of more water occurs through gelcoat 
so as to dilute these solutions. The osmotic pressure so generated will cause pre-crack 
blister formation and growth. 
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The residual stress at the interface of gelcoat and backing resin, and the stress 
caused by the swelling of gelcoat and backing resin by water ingress, may cause 
micro-cracks at the glass fibre bundles. The water in these micro-cracks dissolves glass 
fibre binders and other water solubles, osmosis so activated causes blister formation. In 
the long term, osmosis accelerated by the hydrolysis of polyester resin and constituents 
of glass fibre mats helps fibre line blisters to grow. 
The contaminants in the gelcoat are often water soluble substances. The blisters 
from contaminants are caused by osmosis. 
When the water penetrates into the laminates, the gelcoat swells, and the bubbles 
in the gelcoat do not. This, together with the stress in the gelcoat, cause the physical 
distortion of the bubbles. When the bubbles are very bjg, or very near the outer surface 
of gelcoat, blisters are formed. 
4.5. BLISTER DEVELOPMENT IN SOME LAMINATES 
The laminates were fully immersed in 400C distilled water, and blister formation 
and growth were carefully monitored. It is found that the blister development is 
different from laminate to laminate, as shown in Figures 4.8--4.11. Figure 4.8 is 
pre-crack blister formation. The number of pre-crack blisters usually reached a 
maximum within 3 months after the first one has formed. The size of blisters changed a 
little after formation. Laminates with powder-bound CSM produced more pre-crack 
blisters than those with emulsion bound CSM. Fibre line blister formation is shown in 
Figure 4.9. The time to reach the maximum number of blisters was different from 
system to system, blisters then intersected with each other, several blisters coalesced to 
form one big blister, and the total number decreased. The curve in Figure 4.10 
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represents the maximum size of blisters on laminates. It clearly shows that the sizes of 
fibre line blisters in SI (emulsion bound CSM) are much bigger than in laminate PI 
(powder bound CSM). Different resin systems also affect the size of blisters, and 
laminate E5 (resin A/resin D/EmCSM) has the smallest blisters among the four 
laminates in the later stage. 
Considering the performance of laminate S 1 and P1, in order to evaluate the 
blistering performance of a laminate, one must take both the time to blister and area 
formed into account While the time to blister is important, the area of blisters is a major 
concern physically and aesthetically after blisters have formed. 
An attempt to monitor the growth rate of fibre line blisters by measuring the sizes 
of four pre-selected blisters in one laminate at regular intervals was made. It is found 
that the grow of blisters is not continuous but rather intermittent, as shown in Figure 
4.II, this is because that the osmotic pressure needs to be accumulated to a magnitude 
before it initiates a crack. Laminate PI (PoCSM) generally has lower blister growing 
rate than laminate S 1 (Em CS M). 
Even when the same resin system was used, the manufacturing process also 
affects the blister performance, this is shown in Figures 4.12-4.14. The gelcoat used in 
S 1, S4, S5 and S7 was resin A and the backing resin resin B, the four laminates were 
fully immersed in 4QOC distilled water. Figure 4.12 shows that at the beginning (less 
than one month of water immersion), S7 (no room temperature cure, directly taken into 
a 4QOC oven for post- cure after lamination) had the least number of blisters. Laminate 
S 1 had the least number of pre-crack blisters and S4 (with 2 layers of glass fibre 
surface tissues) the most at later stage. 
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Fibre line blister development is shown in Figure 4.13. It clearly demonstrates 
that the more complete the cure, the less the number of fibre line blisters (ranking from 
the most number of blisters to the least is SS -> S 1 -> S7). It also shows that surface 
tissue is very effective to improve the blister resistance of the laminates. 
The advantage of complete cure is again shown in Figure 4.14, maximum size of 
blisters in laminates. At the beginning (less than two months water immersion), 
laminate S7 had the smallest blister and S4 the biggest comparing Sl, S4 and S7. The 
positive effect of using surface tissue is again shown, as it had the smallest blisters 
among the four laminates. 
The time to blister, the number of pre-crack blisters, the number of fibre line 
blisters and the maximum size of blisters in laminates are the four variables used in this 
project to evaluate the blister resistance of GRP laminates. This method is extremely 
useful for comparing the blister performance of different laminates. 
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Table 4.1 Number of Blisters in Laminates 
Ccxle Laminate Fibre line Pre-crack Contaminant Bubble 
S1 NB/EmCSM 490 49 20 6 
E5 AID/Em CSM 73 113 19 22 
E4 D/D/EmCSM 109 1 1 
A3 CID /Em CSM 294 13 4 3 
A4 C/B/EmCSM 101 8 2 1 
T1 A/B/Acryl 131 77 5 3 
12 A/D/Acryl 254 105 7 4 
Table 4.2. Birefringence vs. Number of Blisters 
Cast sheet Birefringence Number of pre-cracks 
(gel/backing) LWI0-5 in real laminate 
Average (each laminate) 
Resin A/Resin B 41.3 63 (48, 53, 59, 90) 
Resin A/Resin D 54.4 127 (133, 131 ' 124, 119) 
Resin D/Resin D 35.8 Very few ( <10) 
Resin C/Resin D 321.1 100 (84, 97 ' 100, 120) 
Resin C/Resin B 327.4 96 (82, 87' 96, 120) 
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Table 4.3. Number of Pre-cracks Developed into Blisters 
Laminate Number of Number of Ratio 
( Gel/Baclc/Mat) Pre-crack Pre-crack Blister (%) 
59 41 69.5 
A/B/EmCSM 90 44 48.9 
53 33 62.3 
48 31 64.6 
144 126 87.5 
A/B/PoCSM 152 140 92.1 
125 114 91.2 
130 113 86.9 
100 9 9.0 
C/D/EmCSM 97 10 10.3 
84 9 10.7 
120 10 8.3 
120 3 2.5 
C/B/EmCSM 87 4 4.6 
96 3 3.1 
82 5 6.1 
3 1 
D/D/EmCSM 1 0 
1 1 
1 0 
131 113 86.3 
AJD/EmCSM 124 lU 89.5 
119 112 94.1 
133 112 84.2 
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Table 4.4. Blister Resistance of Laboratory Laminates 
Code Laminates Time to Blister (week) 
(ge]/back/mat) Pre-crack Fibre-line 
S1 Resin A/Resin B/EmCSM 1 - 2 1-2 
P1 Resin A/Resin B/PoCSM 1-2 2 
E5 Resin A/Resin D/EmCSM 1-2 4 
E4 Resin D/Resin D/EmCSM 10-11 * 
A4 Resin C/Resin B/EmCSM 25-27 
A3 Resin C/R.esin D/EmCSM 6-7 7-8 
S4 S 1 with 2 surface tissues 1 - 2 11-12 
ss S 1 without 400C cure ** 1 1 - 1.5 
S7 S 1 with 400C cure only + 2 3 
S8 S 1 with thicker gelcoat ++ 2 6-7 
Note: 
* Has been in 400C distilled water for 87 weeks and no blister has formed. 
** Laminate S5 is resin Nresin B/EmCSM, without 400C cure in oven. 
+ Laminate S7 is resin A/resin B/EmCSM, directly taken into 430C oven for 
post-cure prior to post-cure at room temperature for 24 hours. 
++ S8 is resin Nresin B/EmCSM with a gelcoat thickness of 1.14mm, while S1 
has a gelcoat thickness of 0.45mm. 
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Note: 
Table 4.5 Blister Resistance of Industrial Laminates 
Code Composition Time to Blister 
(week) 
Panel A Iso gelcoat 
{ Ortho backing resin 
Panel B 1 
Panel C 
PanelD 
{ Iso gelcoat --E8269, thixotropic 
Ortho backing resin (clear) 1 
CV1 E8307 gelcoat,Iso/NPG backing resin 1 
CV2 E8307 gelcoat, Ortho backing resin 1 
CV3 6320 gelcoat, Ortho backing resin 1 
CV4 E8261 gelcoat, Iso backing resin 1 
CV5 E8065 gelcoat, Iso backing resin 1-2 
1) The CSM used was emulsion bound chopped strand mat. 
2) The blisters are formed initially at isolated areas, presumably the areas with 
very thin gelcoat 
3) Iso --- Isophthalate resin 
NPG --- Neopentyl glycol 
Ortho --- Onhophthalate resin 
4) Panel A and B have a clear gelcoat and 2 layers of backing resin, the flrst 
layer is white pigmented and the second layer is clear. 
Panel C has a white pigmented gelcoat and 2 layers of backing resin, the first 
layer is white pigmented and the second layer is clear. 
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Figure 4.1 . A blister from a contaminant 
Blister 
50J.Lm 
Figure 4.2: A pre-crack 
50J.Lm 
83 
Figure 4.3. A Pre-crack blister (face-on view) 
50J.Lm 
Pre-crack Blister 
Figure 4.4. A Pre-ciack blister (edge-on view) 
Pre-crack 
50J.Lm 
Blister 
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Figure 4.5. A fibre line blister (face-on view) 
50 pm 
Figure 4.6. A fibre line blisrer (edge-on view) 
50 pm 
I 
Cross-section of glass fibres 
85 
Figure 4.7 (a). Laminate before water immersion 
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Figure 4. 7 (b). Laminate with fibre line blisters 
Figure 4.7 (c). Laminate after prolonged water immersion 
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CHAPTERS 
RESULTS AND DISCUSSION 
Factors Affectin2 Blister Formation 
5.1. FIBRE REINFORCEMENT 
Laminates with different types of reinforcement were fully immersed in 400C 
distilled water. The time to the onset of pre-crack and fibre line blisters is presented in 
Table 5.1. 
It has been found that the time to blister is longer for laminates with powder 
bound CSM that those with emulsion bound CSM, and the blister sizes in the laminates 
reinforced with powder bound CSM are smaller than those of emulsion bound CSM. 
The binder of emulsion bound CSM is mainly polyvinyl acetate (PVAc). The 
ester group in the PV Ac is very susceptible to hydrolysis in the presence of water: 
+ CHz- CH -irf- + nHzO ~ + CHz -CH -irf- + nCH3- C- OH 
I I ~0 
O-C-CH3 OH 
cf 
and acetic acid can be the source of osmosis. On the other hand, the binder of powder 
bound CSM is polyester or epoxy. It has much better hydrolysis resistance than PVAc. 
The laminates with acrylate bound CSM has slightly better blister performance 
than those with emulsion bound CSM; the sizes o.f blisters are smaller and the number 
is less (Table 5.1). 
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The binder of acrylate bound CSM is poly butyl acrylate. In the presence of water, 
it hydrolyses into polyacrylic acid and butanol: 
Polyacrylic acid is much less active than acetic acid, the hydrolysis product of 
emulsion bound CSM. And hence laminates with acrylate bound CSM exhibit better 
blister resistance over those with emulsion bound CSM. 
If the binder of CSM is burnt off, the source of hydrolysis in the mat is 
eliminated, and the laminates with this kind of reinforcement performed better in water 
over those with emulsion bound CSM. Because the binder is burnt off, it is very 
difficult to handle the mat, and the mechanical properties and the appearance of the 
resulting laminates (brown coloured) are not as good as the laminates with binder on 
the mat; this practice is not recommended (Table 5.1 ). 
A resin-rich layer is achieved using a layer of glass surface tissue between the 
gelcoat and backing resin, and it significantly improves the blister resistance of the 
laminates, as shown in Figures 4.12-4.14 and Table 5.1. It prolongs the time to onset 
blisters, and the blisters are less and smaller than those in laminates without surface 
tissue. 
Ethylene propylene diene rubber CEPDM) can be cross-linked by peroxide 
(similar to that used to cure the polyester resin). Using EPDM as a binder of CSM, it 
cross-links as the polyester cures during lamination and after, hence provides a linkage 
between glass fibres and polyester matrix. The blister trial of this laminates proved that 
it has better blister performance. The fibre line blister were formed after 3-4 weeks 
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water immersion, compared with S 1 in which blisters were formed in 1-2 weeks (Table 5.1 ). 
Polyester fibre mat was used to make laminates instead of glass fibre CSM. The 
laminates exhibit much better blister resistance than laminate S 1 with emulsion bound 
CSM. But PE-MAT is difficult to handle, and during laminating it is difficult to 
wet-out, many voids are entrapped (Table 5.1) . 
5.2. RESINS 
Different polyester resins and different combination of gelcoat and backing resin 
affect blister formation, this is shown in Table 5.2. The laminates were fully immersed 
in 4QOC distilled water. 
Laminates made from resin based on neopentyl glycol performed generally better 
in water than those based on propylene glycol. This is due to the different steric 
structure of the two cured resins. Neopentyl glycol has two pendant methyl groups, 
rather than one as in propylene glycol, so it can offer better protection to the ester 
linkage, and thus improves the hydrolysis resistance of the cured resin (Table 5.2). 
Laminates made from isophthalate resins have better blister resistance than those 
from orthophthalate resins. Resin based on isophthalic acid will normally be processed 
to higher molecular weights and will show low end group counts (acid numbers and 
hydroxyl numbers) than equivalent orthophthalic anhydride formulations. Furthermore, 
as evident in the molecular structure, orthophthalate ester linkages are more visible, 
hence are more susceptible to attack than the ester linkages of isophthalate polyester. 
Because of the sublimation tendency of onhophthalic anhydride, a further vulnerability 
is the possibility of free orthophthalic anhydride or low molecular weight orthophthalate 
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esters that may drop into the orthophthalate resin near the end of processing, these low 
molecular weight materials have relatively high water solubility, act as plasticisers of 
the cured resin and reduce the corrosion resistance. [9] 
The best system for blister resistance which has been found so far is laminate E5 
(resin D/resin D/EmCSM). In this system the gelcoat and backing resin are matched 
(two resins have the same constituents), so that there is no sudden change of water 
penetration rate at the interface of gelcoat and backing resin, hence no water 
accumulation at the interface which may cause blister formation by generating high 
stress locally. Other matched laminates also showed better blister resistance, this is 
illustrated in Table 5.3. 
The effect of styrene con tent in polyester resins has also been studied. Three 
sryrene levels, 30%, 40% and 50% were employed. The resin with 30% of styrene is 
quite viscous, and difficult to work during lamination. The laminates have the normal 
translucent appearance. The laminates made from resins with 40% styrene have fibre 
whitening appearance, while those with 50% styrene have very strong fibre whitening, 
and they are nearly opaque. The reason for this fibre line whitening is the mismatch of 
the refractive indices of the resin and the glass fibres. The viscosity of the resins with 
50% of styrene is too low for practical use. The styrene content in polyester resin has 
strong influence in the blister resistance of the resulting laminates. Very low content of 
styrene in resin results in incomplete cure, leaves low molecular weight esters in the 
cross-linked polyester, hence decreases the hydrolysis resistance of the laminates. 
Resins with low styrene content have very high viscosity, and this results in more 
trapped air in the resin and poor wet-out during lamination. The experimental results 
show that the higher the styrene content in the resin, the better the blister resistance of 
the laminates, this is shown in Table 5.4. 
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The unsaturated acid used in the resin also affects the blister performance of GRP 
laminates. Laminates made from fumarate resin have better blister resistance than those 
from maleate resin. The reaction between fumarate and styrene is more probable than that 
between maleate and styrene, as shown by the different copolymerization reactivity 
ratios in "model" reaction:;, Table 5.5[95] . 
The data show that in the styrene/maleate system, the styrene is more likely to 
homopolymerize, this is clearly undesirable when employed for cross-linking. The 
styrene/fumarate reaction is more favoured for copolymerization and hence for 
cross-linking. Furthermore, fumarate has more tendency to react with itself than 
maleate has. All of these contribute to the higher cross-link density of fumarate resin, 
hence better blister resistance, as shown in Table 5.4. 
Vinyl ester resin was used as a backing resin to construct laminates. The blister 
trial was carried out in 400C distilled water by full immersion method. The results are 
shown in Table 5.6. 
The vinyl ester resin has better blister resistance than conventional isophthalate 
and orthophthalate polyester resins. A direct comparison of the molecular snuctures of 
the two chemical resistant resins, one an isophthalate polyester and the other a vinyl 
ester, will help to demonstrate the improved chemical resistance of the vinyl ester resin. 
This is shown in Figure 5.1. 
The vinyl ester resin differs in two imponant aspects. First, there are no recurring 
ester groups in the main polymer chain, as shown by the dotted boxes, and second, the 
reactive sites are located at the ends of the chain, as shown by an asterisk in Figure 5.1. 
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Ester groups are subject to chemical attack by hydrolysis. The fact that polyesters 
have recurring ester groups leaves their main polymeric chain subject to serious 
chemical attack. Since vinyl esters have only terminal ester groups, their molecular 
structure remains virtually untouched, even when the ester group is chemically 
attacked. 
The tenninal unsaturation of the vinyl ester resin is the second factor leading to its 
improved physical and chemical properties. This accessibility of the unsaturation sites 
to free radical promotes a uniform molecular structure when copolymerizing with a 
monomer and enables the vinyl ester to homopolymerize if desired. 
Conversely, the availability of reactive sites in the middle of a polyester chain 
normally leads to a partially reacted non-uniform molecular structure. These in turn 
leaves some reactive sites that can not copolymerize with a monomer. These unreacted 
sites are subject to chemical attack and once again leave the resin vulnerable in the 
middle of its chain. 
These physical property and chemical resistance improvements are reflected in the 
improved blister performance of the laminates, as reponed in Table 5.6. 
Epoxy resin as a backing resin also improves the blister resistance of the 
laminates, this is shown in Table 5.7. 
The molecular structure of cured epoxy resin is quite different from that of 
polyester resin, as shown in Figure 5.2. The epoxy does not have any ester linkage on 
the molecular chain which is very susceptible to· hydrolysis, hence it has very good 
hydrolysis resistance. 
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5.3. ACCELERATOR AND INITIATOR 
It has been found that amount of accelerator and initiator added in the resin affects 
the blister performance of GRP laminates. A laminate cured with 3% of accelerator and 
3% of MEKP initiator produced larger fibre line blisters than those with 1.5% of 
accelerator and 1.5% of initiator. One reason for this is that higher initiator level will 
generate more free radicals, makes the molecular chains shoner, and decreases the 
hydrolysis resistance. Another reason is probably due to the osmotic pressure generated 
from the excessive accelerator and/or initiator residues. 
5.4. MANUFACTURING METHOD 
It is obvious that, apart from the materials selection, the kind of fabrication 
methods and the curing procedures influence the blister resistance of the resulting 
laminates. 
It is very imponant to control the thickness of gelcoat. As described in Chapter 4, 
the blister resistance of laminates supplied by industry is shown in Table 4.5. The 
gelcoat thickness of these laminates was not very well controlled, and blisters were 
firstly formed in the areas where the gelcoat is very thin. Laboratory laminates also 
showed that thicker gelcoat has better blister resistance, this is shown in Figures 
5.3-5.4. The time to the onset of blisters is longer for laminate S8 with thicker gelcoat 
and the number of blisters is less. 
A laminate with double gelcoat was prepared. A layer of gelcoat (0.45mrn in 
thickness) was applied to a waxed glass plate in the usual manner. After two hours, a 
second layer of gelcoat was applied by a brush on top of the first layer. The total 
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thickness of the gelcoat was about 0.9-1.1mm. After 2 hours of applying the second 
layer of gelcoat, the backing resin and 3 layers of CSM were applied. The blister trials 
of this laminate in 4QOC distilled water produced an interesting result. The time to the 
onset of pre-crack blisters is the same as the corresponding laminate with only one layer 
of gelcoat. The number of pre-crack blisters is much higher, for example, laminate S 1 
(one layer of gelcoat) had 30 pre-crack blisters in 100cm2 area after one month water 
immersion, while laminate S11 (double gelcoats) had 140 pre-crack blisters. But the 
time to the onset of fibre line blisters is much longer, and the blister sizes are much 
smaller, the biggest fibre line blisters are less than 3mm after 200 days of water 
immersion. 
The degree of cross linking density of polyester resin also affects the blister 
resistance. As mentioned in Chapter 4, comparing laminate S 1 which is cured at room 
temperature for 24 hours then post-cured at 430C for 16 hours, laminate S7 which has 
no room temperature cure, is directly post-cured at 430C for 16 hours, and laminate SS 
which did not post-cure at 430C , laminate S7 has the most complete cure and SS the 
least Their blister resistance seems to be following the same ranking as their degree of 
curing, S7 the best and SS the worst, as shown in Figures 4.11- 4.13. 
In order to avoid the stress in the gelcoat caused by the curing of backing resin, 
reverse order laminating was used. Backing resin and CSM was first laminated on a 
waxed glass plate. After two hours, the gelcoat was then applied on the nearly cured 
laminate. It is found that the time to the onset of blistering is longer than the 
corresponding laminate made in the normal order, and it has fewer pre-crack blisters. 
The time between applying gelcoat and backing resin was varied from 1S minutes 
to 2 hours. It is found that laminates with 1S minutes interval has the worst blister 
resistance. This is because that the gelcoat has not hardened completely when the 
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backing resin and CSM are laminated on to it, the glass fibres penetrated into the 
gelcoat, so that the effective thickness of gelcoat is reduced, and hence reduced blister 
resistance. Laminates with 45 minutes, 1 hour and 2 hours intervals have similar blister 
resistance, with slightly better performance for laminate with 30 minutes interval. After 
30 minutes curing, the gelcoat is about in the "green stage" (rubbery but not tacky). It 
has the necessary sites to react with the newly laid backing resin, and yet it is hard 
enough to prevent the penetration of glass fibres, so that the gelcoat and backing resin 
are well linked and the effective thickness of gelcoat remains the same, compared with 
that of laminates with 15 minutes interval. After the green stage, the number of reactive 
sites in the gelcoat is less, so the the bonding between gelcoat and backing resin is 
weaker. 
Varying the time between applying the first layer of backing resin and the rest of 
the layers from no interval to 24 hours was also carried out. After the gelcoat was 
applied for 2 hours, the first layer of backing resin and CSM were applied. The rest of 
the layers of backing resin and CSM were then applied after 0 hour, 2 hours, 4 hours, 
6 hours and 24 hours respectively for each laminate. It has been found that the 
laminates with no interval or 2 hours interval have slightly better blister resistance, and 
laminates with 4 hours, 6 hours and 24 hours have similar blister resistance, worse 
than those with no interval or 2 hours interval. 
5.5. IMMERSION METHOD 
5.5.1. WATER IMMERSION 
Different immersion methods (single side water immersion and fully water 
immersion) and immersion fluids (distilled water, sea- water, etc.) will affect the time 
103 
of onset of blisters. of GRP laminates. Room temperature distilled water and simulated 
sea-water and 400C distilled water were used to carry out the fully water immersion 
treatment, and 400C distilled water was used for single side water immersion. The time 
of onset of blisters is shown in Table 5.8. 
It can be seen that 400C distilled water is the most severe medium and room 
temperature simulated sea-water the least severe for GRP laminates. Full water 
immersion gives lower time to blister compared with single side water immersion. 
Distilled water is easier to penetrate into the GRP laminates than simulated sea- water 
since it does not have minerals and ions which result in less water absorption. High 
temperature accelerates the water penetration and hydrolysis, that is why it takes less 
time to produce blistering in GRP laminates in 400C distilled water than that in distilled 
water at room temperature. 
For laminate S 1 (Resin A/Resin B/EmCSM) in which only the gelcoat side was in 
contact with water (single side water immersion) , blisters were formed in 27 days. 
Considering that laminate S1 blistered in about 10 days by fully immersing it in water, 
double side water exposure (full immersion) gives an acceleration factor of about 2.7 
over single side exposure for blister formation. 
It has been found that laminate S 1 (Resin A/Resin B/EmCSM) blistered in about 
10 days in distilled water at 400C, 120 days in distilled water at room temperature and 
160 days in simulated sea water at room temperature. Distilled water at 400C gives an 
acceleration factor of 12 over distilled water at room temperature, and distilled water at 
room temperature a factor of 1.3 over simulated sea-water at room temperature. But the 
formation of blisters in simulated sea-water was much slower than that in distilled water 
at room temperature. For laminate Sl with a area of iOOcm2 after 180 days water 
immersion, only 22 blisters were formed in simulated sea-water, while 185 in distilled 
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water at room temperature and 395 in distilled water at 4QOC. 
In reality a boat made of laminate S 1 sailing in distilled water (more severe than 
lake water or fresh water), would take about 11 months to form the first blister; while a 
boat sailing in sea would take about 14 months to see any signs of blistering. 
5.5.2. OTHER SOLVENTS 
Laminate S1 (Resin A/Resin B/EmCSM) has been in 420C ethylene glycol and 
Dekalin (decahydronaphthalene: C1oH18) for 22 weeks, no blister has been formed. 
The weight changes for both solvents are shown in Figure 5.5. It can been seen that the 
amount of substances leached out is great than that of solvent which penetrated into the 
laminates. 
Laminate S 1 (Resin A/Resin B/EmCSM) which was fully immersed in 420C 
toluene solvent blistered in one day, and lost its strength completely in 3 days (the 
laminate is like a foam). GRP is not suitable for use in a solvent like toluene. 
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Table 5.1. The Effect of Fibre Reinforcements on Blister Resistance of 
Laminates 
Code Composition Time to Blister (week) 
(Gel/Back/Mat) Pre-crack Fibre Line 
Sl Resin A/Resin B/EmCSM 1-2 1-2 
Pl Resin A/Resin B/PoCSM 1-2 2 
H1 Resin E/Resin F/EmCSM 6-7 8-9 
H2 Resin E/Resin F/EmCSM 8-9 14-15 
S8 Resin A/Resin B/EmCSM 1-2 11-12 
(with 2layers of glass surlace tissue) 
T1 Resin A/Resin B/ Acryl 1-2 2 
T5 Resin A/Resin B/EPDM-CSM 1-2 3-4 
T6 Resin A/Resin B/PE-MAT 1-2 4 
Cl Resin A/Resin B/EmCSM 1-2 2 
(Binder burnt off at 6000C for 40 minutes) 
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Table 5.2. Blister Resistance of Laminates Based on Different Types of 
Polyester Resins 
Code Composition Time to Blister (week) 
(Gel/Back/Mat) Pre-crack Fibre Line 
S1 Resin A/Resin B/EmCSM 1-2 1-2 
E4 Resin D/Resin D/EmCSM 10-11 * 
E5 Resin A/Resin D/EmCSM 1-2 4 
A3 Resin C/Resin D/EmCSM 6-7 7-8 
A4 Resin C/Resin B/EmCSM 25-27 
A6 Resin C/Resin C/EmCSM 4 20-21 
H1 Resin E/Resin F/EmCSM 6-7 8-9 
H3 Resin G/Resin H!EmCSM 27-28 
HlO Resin I/Resin J/EmCSM 3-4 7-8 
Hl3 Resin K/Resin L/ErnCSM 1-2 1-2 
Note:*--- No blister has been formed after 87 weeks in water. 
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Table 5.3. Blister Performance of Matched Laminates 
Code Composition Time to Blister (week) 
(Gel/Back/Mat) Pre-crack Fibre Line 
S1 Resin A/Resin B/EmCSM 1-2 1-2 
P1 Resin A/Resin B/PoCSM 1-2 2 
H1 Resin E/Resin F/EmCSM 6-7 8-9 
H2 Resin E/Resin F/PoCSM 8-9 14-15 
H3 Resin G!Resin H/EmCSM 27-28 
H4 Resin G/Resin H/PoCSM 30 
H10 Resin I/Resin J/EmCSM 3-4 7-8 
H11 Resin I/Resin J/PoCSM 3-4 6-7 
H13 Resin K/Resin L/EmCSM 1-2 1-2 
H14 Resin K/Resin L/PoCSM 1-2 3-4 
A6 Resin C/Resin C/EmCSM 4 20-21 
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Table 5.4. The Effect of Styrene Content in Resin on Blister Resistance 
of Laminates 
Code Composition Styrene Level Time to Blister 
(Gel/Back/Mat) (weight %) Pre-crack Fibre line 
H15 Resin M/Resin M/EmCSM 30 1-2 1-2 
H16 Resin N/Resin N/EmCSM 30 1-2 2-3 
H17 Resin M/Resin M/PoCSM 30 3-4 5-6 
H18 Resin N/Resin N/PoCSM 30 * * 
H19 Resin M/Resin M/EmCSM 40 * * 
H20 Resin M/Resin M/EmCSM 50 * * 
H21 Resin N/Resin N/EmCSM 40 * * 
H22 Resin N/Resin N/EmCSM 50 * * 
H23 Resin 0/Resin 0/EmCSM 36 * * 
H24 Resin P/Resin P/EmCSM 36 7 * 
H25 Resin Q/Resin Q/EmCSM 36 7 7 
*Note: No blister has been formed after 10 weeks of 400C distilled water immersion. 
Table 5.5. Relative Reactivity Ratios of Styrene with Unsaturated Ester 
Groups 
Styrene/dimethyl maleate 
6.25 
0.005 
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Styrene/dimethyl fumarate 
0.3 
0.07 
Table 5.6 The Blister Performance of Vinyl Ester Resin 
Code Composition Time to Blister (week) 
(Gel/Back/Mat) Pre-crack Fibre Line 
H7 Resin ENinyl/EmCSM 7-8 10-13 
H8 Resin ENinyl/PoCSM 7-8 34-36 
Sl Resin A/Resin B/EmCSM 1-2 1-2 
Pl Resin A/Resin B/PoCSM 1-2 2 
H1 Resin E/Resin F/EmCSM 6-7 8-9 
H2 Resin E/Resin F/PoCSM 8-9 14-15 
Table 5.7. The Blister Performance of the Epoxy Resin 
Code Composition Time to Blister (week) 
(Gel/Back/Mat) Pre-crack Fibre Line 
H5 Resin E/Epoxy/EmCSM 22-24 
H6 Resin E/Epoxy/PoCSM 10-11 28-30 
Hl Resin E/Resin F/EmCSM 6-7 8-9 
H2 Resin E/Resin F/PoCSM 8-9 14-15 
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Table 5.8. Time to Blister with Different Immersion Methods 
Time to the Onset of Fibre-Line Blister (Week) 
Laminate Code Double Side Immersion Single Side Immersion 
4QOCDist RTDist RTSea 400CDist 
S 1 (A!B/EmCSM) 1-2 16-17 21-23 4 
Note: 
P1(A!B/PoCSM) 2 18-19 24-26 
A3(C/D/EmCSM) 7-8 * * 
A4(C/B/EmCSM) 25-27 * * 
E4(D/D/EmCSM) + * * 
E5(A/D/EmCSM) 4 33-35 * 
4QOC distilled water 4QOCDist 
RTDist 
RTSea 
Room temperature distilled water 
room temperature simulated sea-water 
** 
** 
** 
+ 
* 
No blister was formed after 87 weeks of water imersion 
No blister was formed after 35 weeks of immersion 
** No blister was formed after 76 weeks of immersion 
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Figure 5.1. Comparison of Chemical Structures of 
(a). Vinyl Ester Resin and (b). lsophthalate Polyester Resin 
(a). 
2 ester groups 
(b). 
Figure 5.2. Molecular Structures of Cured 
(a). Epoxy Resin and (b). Isophthalate Polyester Resin 
OH R OH 
I I I 
(a). -CH-CH2-N-CH2 -CH-
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11 11 11 11 
(b). -0-<(H-CH 2-0-C-© -C-0-<fH -CH2 -0-C-C(H -<(H -C-
CH3 CH3 St St 
Where: 
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Figure 5.3. The Effect of Gelcoat Thickness on Blister Formation 
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CHAPTER 6 
RESULTS ANP DISCUSSION 
Stydjes Relevant to Blister Formation 
6.1. BINDER SOLUBILITY 
During the process of laminating and curing, the binder of CSM should be 
dissolved in the resin, and leaves the coupling agent to react with the polyester resin. 
Otherwise, there would be no good bonding between the polyester resin and glass 
fibres. The binder solubility is measured by the time taken to break the CSM specimens 
in solvents or resins. The testing results of binder solubility are presented in Table 6.1 
and 6.2. 
The time taken to break the powder bound CSM is longer than that to emulsion 
bound CSM, this is an indication that powder bound CSM is difficult to wet-out during 
lamination. But the longest time to dissolve the binder is less than 3 minutes, which is 
shorter than the time taken for the resin to gel. So it can be safely assumed that any kind 
of binder would be dissolved in the resin before the resin cures (Tables 6.1-6.2). 
If the emulsion bound CSM was stored for a long time (-10 months) after have 
being manufactured, the binder will much easier dissolve in the resin; this indicates that 
the integrity of the CSM will decrease, and it is much easy to break the mat (Tables 6.1-6.2). 
Another experiment was done to study the behaviour of polyvinyl acetate size and 
binder. 
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Polyvinyl acetate (PVAc) size and binder were received as liquid emulsion. It was 
indicated that the size has molecular weight (Mw) of 70,000 and the binder 60,000. 
The colour of the size is white while binder is a little brown. 
A large quantity of PV Ac size and binder was dried in an oven of 55°C for 
several days. The size became hard and solid, and binder became very thick and sticky 
with brown colour. 
2.5g of size which was cut into small flakes and 2.5g of binder were mixed with 
22g of resin B respectively. Only a few very small particles of the size and binder were 
dissolved in the resin after continuously stirring the mixtures for an hour. Then the 
mixtures were left for 20 hours without stirring, and the size and binder were 
completed dissolved in the resin. The resin was whitening only a little. The mixtures 
were then cured by adding cobalt accelerator and MEKP initiator. For comparison 
purpose clear resin B was cured as well. It was found that the colour of cured resin 
with size was a little whiter than that with binder, and the colour of cured resin with 
binder was a little whiter than that of cured clear resin. 
The above experiment was repeated with resin D. Similar results were obtained in 
terms of size and binder solubility in polyester resin. The appearance of cured resin D 
with size was a little whitening, while the appearance of resin D with binder is similar 
to that of cured clear resin D. 
It can be concluded that the size and the binder will be dissolved in the polyester 
resin if sufficient time is given. The smaller the particles, the easier it dissolves in resin. 
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6.2. CURING PROCESS OF POLYESTER RESIN 
6.2.1. INFRARED STUDY 
Styrene is the cross-link agent in unsaturated polyester resins. If the relative 
amount of unreacted styrene left at a panicular time during the curing stage can be 
determined, then it is possible to find out the approximate degree of cure of the 
polyester resin at that time. 
30 grams of resin A was placed into a 50rnl beaker. 2% (volume by weight) of 
Catalyst M (0.6ml) was then added to the resin and mixed for about 1.5-2 minutes. A 
drop of this mixture was placed to a sodium chloride crystal disc and covered with 
another disc, fastened by the disc hold and then insened into the sample slide mount of 
the SP3-200 Infrared Spectrophotometer. The time intervals between each scanning 
varied from 4-10 minutes, so a series of infrared spectra were obtained. 
The effect of cross-linking on the spectrum of a styrenated polyester resin are 
shown in Figures 6.1-6.3. The bands at 915cm-1 , 985cm-1, 1630cm-1 and 780cm-1 
shown in Figure 6.1 (beginning of cure) are substantially reduced in intensity in Figure 
6.2 (during cure, prior to post-cure) and Figure 6.3 (after post-cure). Monomeric 
styrene unsaturation contributes to all of these bands, and fumarate unsaturation to two 
of them (985cm-1 and 780cm-1 )(96]_ It is reasonable to assume that, since the 
concentration of ester groups remains substantially constant during cure, bands such as 
that at 1720cm-1 due to the carboxyl groups remain unchanged. 
We followed the polymerisation of resin A, using the absorbance at 915cm-1 as 
an indication of the concentration of residual styrene unsaturation. The carboxyl band at 
1720cm-1 was used as an internal standard (reference absorbance). 
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Let R =the ratio of the absorbances at 915cm-l and 1720cm-1. Then the 
concentrations of unreacted styrene may be detennined from R provided that the initial 
concentrations are known. Reference spectra of the resin dissolved in styrene, in 
xylene, and without solvent, and spectra of the resin before and after cure indicate that 
only styrene contributes very significantly at 915cm-l band[97]. There is, however, a 
small correction, since when styrene is entirely absent R == r '# 0. Thus the percentage 
of residual styrene at any cure time t is given by: 
S=(Rt- r)/(RO- r) 
Where: Rt is the value of Rat timet. 
RO is the value of R at time 0 (Beginning of the experiment). 
The author could not obtain the values of RO and r, so some assumptions were 
made to overcome this problem. The results obtained are not very accurate, but they 
still can be used to derive some meaningful information. 
Two experiments have been done for comparison purposes. One cast was cured 
at room temperature only for 19 hours, and another was first cured at room temperature 
for 3.5 hours, then post-cured at 430C for 16 hours. The results (percentage of 
unreacted styrene vs. time) are presented in Figure 6.4 (without post-cure) and Figure 
6.5 (with post-cure). It is very obvious that the post cure process enhanced the density 
of cross-linking. But please note that the degree of cross-link of resin is not exactly 
equal to (100%- percentage of unreacted styrene), this is due to the excess styrene in 
the polyester resin. 
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6.2.2. CURE TIME AND MAXIMUM TEMPERATURE RISE 
The cure time defined here is the time taken from starting adding initiator to the 
polyester resin to the time when the maximum temperature rise is reached. 
Since laminates with different curing times have different blister resistances, it is 
important to fmd out the curing time of the polyester resins used. The results of cure 
time and maximum temperature rise are presented in Table 6.3. 
The maximum temperature rise is related to the number of double bonds reacted 
during curing, so the higher the temperature generated, the higher the cross linking 
density of the polyester resin. It is found that polyester resin with the higher cross 
linking density gives better blister performance. Resin D [poly(propylene glycol 
maleate) resin] has a particularly high temperature rise, this is because that resin D does 
not contain any saturated acid, hence it has very high density of double bonds 
( unsaturation). 
A change in either the initiator content or accelerator content will change the cure 
time. The less the initiator used, the longer the cure time; and the less the accelerator, 
the longer the cure time. When comparing the blister performance of laminates with 
different initiators, it is very important to keep the cure time the same. 
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6.3. CHARACTERISATION OF POLYESTER RESINS 
6.3.1. INFRARED SPECTROMETRY 
It is usually adequate to use infrared spectrometry to identify the main constituents 
in the polyester resins. 
Maleic anhydride is almost invariably employed as the unsaturated dicarboxylic 
acid, the ethylenic double bond providing the site for cross-linking to occur when resin 
is reacted with styrene in the curing process. In addition, dicarboxylic acids in which 
ethylenic double bonds are absent are frequently incorporated in the resin to reduce the 
total unsaturation and to increase the flexibility of the polyester chains (e.g. isophthalic 
acid, adipic acid). Various glycols are available for use, of which the most commonly 
employed are ethylene glycol, diethylene glycol and 1,2-propylene glycol. 
The infrared spectra of the commercial resins show a broad similarity due to the 
common features of their structure. Most of the polyester resins show a weak band near 
3445cm-1 due to the various C-H stretching vibrations, including the groups 
-CH=CH2 (from styrene) and -CH=CH- (fumarate) near 3080cm-1, aromatic C-H 
groups at 2985-3080cm-1 , CH3 groups (from propylene glycol) at 2985-2959cm-1 
and CH2 groups at 2780-2940cm-1. 
Double bond stretching vibrations occur in the region 1540-2500cm-1. Thus a 
very strong band is present in all the polyester resin spectra near 1720cm-1 due to the 
stretching vibration of the ester C=O groups . . Other weaker bands due to C=C 
stretching vibrations occur at 1630-1665cm-1 (C=C groups of the polycondensate) and 
at 1585-1640cm-1 (C=C groups of styrene). 
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The longer wavelength region from 665 to 1540cm-1 is occupied by single-bond 
stretching vibrations and bending vibrations. The C-0 groups of the ester units 
(fumarate, orthophthalate) give rise to two regions of very strong absorption at 
1250-1300cm-1 and 1110-1175cm-1. 
The out-of-plane C-H bending vibrations of ethylenic unsaturated groups also 
occur in this longer wavelength region. The fumarate -CH=CH- groups give rise to a 
band near 980cm-1 while the styrene -CH=CH2 groups is responsible for two bands at 
910 and 990cm-1. 
The region 665-910cm-1 is mainly occupied by the absorption bands produced by 
the out-of-plane bending vibrations of the aromatic C-H groups. The positions at which 
these bands occur is known to be characteristic of the types of aromatic substitution 
present. thus styrene gives rise to bands at 700 and 775cm-1, while orthophthalate 
groups produce a band at 740cm-1 . 
The trans -CH=CH- groups of fumarate units (derived from maleic anhydride by 
isomerisation during the polyesterification, or from fumaric acid) give rise to 
characteristic bands at 9 80 and 3080cm-1, and a band at 77 5cm -1 is also due to 
fumarate groups. These bands are overlapped by styrene absorption so that if it is 
necessary to identify the presence of fumarate group it is necessary to remove the 
styrene first, but normally the presence of fumarate is not in doubt. It is difficult to 
detect the presence of maleic anhydride if it is used in the polyesteriflcation process, 
because of the high isomerisation from maleate to fumarate, so infrared spectrometry 
alone is not adequate to determine whether fumaric acid or maleic anhydride is used. 
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The presence of onhophthalic acid or anhydride units in a polyester is easily 
recognised by the characteristic strong absorption band at 7 40cm-1, which can be 
readily distinguished in the spectra. Other bands due to onhophthalate group occurs at 
702 and 1135cm-1. 
Isophthalic acid is sometimes used in polyester resins, bringing higher softening 
points, higher heat distortion temperature and improved flexural and impact strength 
compared with similar resins prepared from onhophthalic acid or anhydride. The acid 
gives rise to strong absorption bands at 730, 1235 and 1295cm-1. 
The methyl group of propylene glycol produces a band at 2960-2985cm-l, 
which, although sometimes weak in comparison to neighbouring absorption of other 
C-H srructures, can usually be distinguished. Confirmation of the presence of 
propylene glycol may be sought in the region 1030-1070cm-1. For polyesters prepared 
from propylene glycol, a strong band is observed near 1070cm-l. 
Neopentyl glycol is sometimes used to improve the corrosion and weather 
resistance. Its presence can be confmned by the characteristic bands of 1025 and 
1470cm-1, while polyester resins prepared from propylene glycol have bands of 1040 
and 1450cm-1. 
For reference, polyesters derived from diethylene glycol may be distinguished 
from those from propylene glycol (i) by the absence of the band due to CH3 groups at 
2960-2985cm-1; (ii) at 1030-1075cm-1, two bands are observed at 1035 and 1065cm-1 
of roughly equal intensity, whereas in propylene glycol the 1 035cm-1 band is stronger 
than the band at 1065cm-1; and (iii) a weak band .is observed at 858-870cm-1. A weak 
band at 873-877cm-1 serves to identify ethylene glycol in unknown polyester resins. 
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6.3.2. MOLECULAR WEIGHT 
The molecular weight of polyester resin is determined by gel permeation 
chromatography (GPC). The principle the this measurement is to separate polyester 
samples into fractions according to their molecular size, by means of a sieving action. 
This is achieved using a non-ionic stationary phase of packed spheres (often beads of 
cross-linked polystyrene) whose pore size distribution can be controlled. The larger 
molecules dissolved in the solvent carrier can not diffuse into the pores and are rapidly 
eluted; while the smaller ones penetrate further with decreasing size and are retarded 
correspondingly. Thus the large molecules leaves the column first and the small ones 
last because they travel a much longer path. 
The results of weight average molecular weight (Mw), number average molecular 
weight (Mn) and heterogeneity index (Mw/Mn) using the first GPC in which a 
computer is used to analysed the data are presented in Table 6.4. 
To confirm the results, the second GPC was used to determine the molecular 
weight of polyesters. Only the molecular weight at the peak position of the elution 
curve was calculated, and the results are presented in Table 6.5. These results are in 
good agreement with each other in terms of ranking of the resins. 
Generally speaking, for the same kind of resin, the laminates with lower 
molecular weight have worse blister resistance, since in the cross-linked polyester 
network low molecular weight resin has more terminal groups (loose ends), the whole 
network is easily attacked by water (Tables 5.3, 6.4 & 6.5). 
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6.3.3. ISOMERISATION OF MALEATE TO FUMARATE 
It has been known that some isomer conversion of maleate to fumarate occurs 
during the condensation of maleic anhydride (acid) with glycols. However, this 
conversion is not complete and certain differencesshow up in terms of blister 
performance of GRP laminates in which the polyesters are identical except for the use of 
maleic or fumaric as the unsaturated acid group, as shown in Table 5.4. Furthermore, 
fumaric acid resins tend to be more reactive which indicates more complete 
cross-linking through the unsaturated acid groups. Higher heat distortion temperature, 
higher physical and chemical resistance are also obtained with fumarate resins. 
The isomerisation level from maleate to fumarate was investigated by a nuclear 
magnetic resonance (NMR) method. A 9011Hz proton NMR machine was used. The 
reference standard used was tetramethyl-silane (TMS), and the polyester resins were 
dissolved in a mixture of 70% of CDCl3 and 30% of DMSO-d6· The resonance at 
't==6.1 - 6.3 is assigned to maleate and 't=6.7- 6.8 to fumaratei98-99] (the resonance at 
't==O is TMS). The area of the resonance indicates the quantity of the component which 
results in. So the isomerisation level is calculated by: 
area of fumarate resonance 
area of fumarate resonance + area of maleate resonance 
The results are shown in Table 6.6. 
It can be seen that the conversion rate from malea~e to fumarate is quite high, the 
lowest level is 74%. Such high isomerisation level is quite beneficial in terms of 
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blistering resistance, as well as the mechanical properties and heat distortion 
temperature (Table 5.4). 
6.3.4. CRYSTALLINITY 
Observed under the microscope with crossed polars illumination, it is found that 
some polyester resins are partially crystallised. A photo of the crystallisation in the resin 
is shown in Figure 6.6, and the observation results are presented in Table 6.7. No 
relationship of the crystallinity with blister resistance was found (liquid resins were studied) . 
6.4. BIREFRINGENCE MEASUREMENT 
It has been found that when a beam of ordinary light passes through certain 
crystals, each ray splits into two, one is called ordinary ray (0-ray) which goes straight 
through, and another is extraordinary ray (E-ray) which deflects on entering the crystal 
and emerges parallel to its original direction. This phenomenon is known as double 
refraction. These materials are optically anisotropic, in other words, their optical 
properties are not the same in all directions. A material of this sort which displays two 
different indices of refraction is said to be birefringent. The difference of the two 
indices is called birefringence. 
(100-101] 
It was also found that normally transparent isotropic substances could be made 
optically anisotropic by the application of mechanical stress. If np and nQ are the 
indices of refraction for directions parallel to the principle stresses P and Q at any 
points, then the induced birefringence is proportional to the stress: 
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&1 = np - nQ = C (Q - P) 
Where: C --- Relative stress-optical coefficient 
This equation is found to be valid even beyond the elastic limit[lOO-lOlJ. 
The optical path difference (OPD) is usually detennined by a special microscope with a 
suitable compensator, and the birefringence is calculated by: 
.&! = OPD /t 
Where: t --- specimen thickness 
A large GRP sample was fully immersed in 40°C distilled water. The 
microscopic specimens were cut from it regularly, polished and the birefringence at the 
interface of gelcoat and backing resin were then measured The relationship between the 
birefringence change and the immersion time is shown in Figure 6.7. The three sets of 
data were obtained from different laminates at different times. 
It can be seen from Figure 6.7 that stress indeed exists at the interface of gelcoat 
and backing resin. The water ingress into the laminates enhanced the magnitude of the 
stress, and the maximum stress is reached just in the beginning of blister formation. 
The formation of blistering released the stress marginally. 
The stress in the thickness direction of the laminates is insignificant, so the 
measured birefringence is proportional to the stress· in the plane direction (perpendicular 
to the thickness). The relative stress-optical coefficient varies from 
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2.2-3.0xlo-llfPa[51], so the stress at the interface of gelcoat and backing resin is 
about 8.5-30MPa, which is high enough to cause local material failure, e.g. pre-cracks. 
6.5. WATER UPTAKE 
Water penetration into GRP composite materials is conducted by one major 
mechanism, namely diffusion. This mechanism involves direct diffusion of water 
molecules into the matrix, and to a much lesser extent into the fibres. The other 
common mechanism of water penetration into GRP composites are capillarity and 
transport by micro-cracks, for instance, pre-cracks. Each of them becomes active only 
after the occurrence of specific damage to the composites. The capillarity mechanism 
involves flow of water molecules along the fibre-matrix interface followed by diffusion 
from the interface into the bulk resin. It is not active unless debonding between the 
fibres and the matrix has occurred, or the laminates have poor bondings between the 
fibres and the matrix. Transport of water by micro-cracks involves both flow and 
storage of water in micro-cracks or other forms of micro-damage. 
In general, water penetration behaviour in glassy polymers has been classified 
according to the relative rates of mobility of water and of the polymer segmentsD 02]. 
Such classification produces three basic categories of behaviour as follows: 
(i) Case I, or Fickian diffusion, in which the rate of diffusion is much less than 
that of the polymer segment mobility. 
(ii) Case I1 (or Super Case ll), the other extreme in which diffusion and 
penetrant mobility are much greater compared with other relaxation 
processes. 
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(iii) Non-Fickian, or anomalous diffusion which occurs when the penetrant 
mobility and polymer segment relaxation are comparable. 
This can be distinguished by the shape of the sorption-time curve represented by: 
Mt!Moo =ktn 
Where: Mt --- relative weight gain at timet 
Moo equilibrium relative weight gain 
k,n constants 
For Fickian systems n=l/2 while for case IT system n=l (and for super case II 
n> 1). For anomalous system 1/2<n<l. 
From Figures 6.8-6.10 and the plots with rl /2 as x axis (not shown), it can be 
seen that three kinds of absorption system are all present 
It is demonstrated in Figure 6.8 that laminates containing powder bound CSM 
(laminate Pl) absorb water more slowly than similar system. containing emulsion bound 
CSM. In part this difference may be due to osmosis generated by soluble products 
associated with the emulsion bound CSM. 
It appears that about 1.0% - 5.0% of water can be absorbed by the laminates 
before blistering becomes apparent. 
Laminates with resin D [poly(propylene glycol maleate)] give higher initial water 
uptake than laminates containing other resins. This is because of its lack of bulky 
benzene ring in the chemical structure which enables easy water penetration. 
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It can be seen from Figures 6.8 and 6.9 that the blister formation is not associated 
with a particular water absorption level, and no sudden change of water absorption was 
observed when blisters were formed. 
Laminates in simulated sea-water absorb water more slowly than those in distilled 
water, and laminates fully immersed in distilled water absorb more than twice as much 
as the water absorbed by those of single side water immersion. 
For a laminate with single side water immersion, no matter which side of the 
laminates is in contact with water, the amount of water absorbed is similar, as shown in 
Figure 6.10. Laminate SI (resin A/resin B/EmCSM) in which the gelcoat is in contact 
with water blistered in about 4 weeks, while for the same laminate in which the backing 
side is in contact with water, no blister has been formed on the gelcoat side after 76 
weeks of water immersion. 
6.6. DIELECTRIC LOSS TANGENT MEASUREMENTS 
The dielectric loss tangent of laminate S 1 (resin A/resin B/EmCSM) was 
measured with TF1245A Circuit Magnification Meter. The laminates S 1 were fully 
immersed in 400C distilled water, and their loss tangents were measured regularly. The 
testing frequencies used were 1MHz and 4MHz. The change of loss tangent of laminate 
S 1 is presented in Figure 6.11. 
Dielectric loss tangent is a measurement of the ratio of energy loss to energy 
stored in a cyclic deformation. For laminate S1, the change of loss tangent with water 
uptake is very similar to that of water absorption. No relationship between loss tangent 
and the time to blister is found, and no sudden change of loss tangent was observed 
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when blisters were formed. 
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Table 6.1. Binder Solubility of Chopped Strand Mats in Solvents 
Solvent Time to Break the Laminates (Seconds) 
EmCSM(OLd) EmCSM(New) PoCSM 
(450g!m2) (450g!m2) (450g!m2) 
100% toluene 2.6 7.5 21.5 
80% toluene & 5.8 25.8 91.1 
20% pet ether 
60% toluene & 13.5 38.7 247.1 
40% pet ether 
40% toluene & 32.7 369.0 >1200 
60% pet ether 
20% toluene & 78.8 2700.0 
80% pet ether 
Note: 
pet ether --- petroleum ether 
Old --- Stored about a year since the the CSM was made 
New --- Newly made CSM 
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Note: 
Table 6.2. Binder Solubility of Chopped Strand Mats in Resins 
Polyester Time to Break the Laminates (Seconds) 
Resins EmCSM(OLd) EmCSM (New) PoCSM 
(450g!rn2) (450g!m2) (450g!m2) 
Resin B 34.3 130.9 200.7 
ResinD 79.8 158.1 
Old --- Stored about a year since the the CSM was made 
New --- Newly made CSM 
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AcCSM 
43:8 
49.8 
Table 6.3. Cure Time and Maximum Temperature Rise 
Resin Cobalt :MEKP Max Temp(OC) Time(min.) 
ResinA 2.0% 177 14.9 
Resin B 1.5% 1.5% 172 25.2 
Resin C 1.2% 1.6% 184 18.5 
ResinD 1.5% 2 .0% 244 14.2 
ResinD 1.0% 1.5% 240 17.0 
Resin E 2.0% 189 15.0 
Resin F 2.0% 204 16.5 
Resin G 2 .0% 190 14.6 
Resin H 2.0% 2 .0% 194 14.3 
Resin I 2.0% 192 16.5 
Resin J 2 .0% 195 19.9 
Resin K 2.0% 185 10.8 
Resin L 2.0% 195 14.0 
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Table 6.4. Molecular Weight of Polyester Resins (1st GPC) 
Resin Mw Mn Mw/Mn 
Resin A 4000 2500 1.55 
Resin B 5140 3400 1.51 
Resin C 9240 5630 1.64 
ResinD 5200 3540 1.47 
ResinE 4310 2660 1.62 
Resin F 4450 2700 1.65 
Resin G 5210 2850 1.83 
Resin H 4170 2490 1.67 
Resin I 3660 2210 1.66 
Resin J 6230 3730 1.67 
Resin K 2960 1860 1.59 
Resin L 2350 1760 1.33 
"' 5J.tm mixed gel column 
135 
Table 6.5. Molecular Weight of Polyester Resins (2nd GPC) 
Resin 
Resin A 
Resin B 
Resin C 
Resin D 
Resin E 
Resin F 
Resin G 
Resin H 
Resin I 
Resin J 
Resin K 
Resin L 
Resin M 
Resin N 
Resin 0 
Resin P 
Resin Q 
Molecular Weight at the Peak of Elution Curve 
2560 
2635 
5890 
2540 
4470 
5010 
5370 
5130 
3675 
2950 
2640 
2320 
1800 
1860 
1740 
1800 
1740 
* 5J..Lm PL-gel column 
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Table 6.6. Isomerisation Level from Maleate to Fumarate 
Resin Isomerisation Level (%) 
ResinA 87 .9; 87.5 
Resin B 90.0 
Resin C 85 .0 
ResinD 87.5 
ResinE 88 .9 
Resin H 74.0 
Resin J 89.5 
Resin K 78.1 
Resin M 84.1 
Resin N 100.0 
Resin 0 87.1 
Resin P 87.5 
Resin Q 83.0 
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Table 6.7. Crystallinity of Polyester Resins 
Resin GeVBacking Crstalline? Size Density 
Resin A Gelcoat No 
Resin B Backing Yes Medium Dense 
Resin C Backing Yes Medium Dense 
ResinD Backing Yes Medium Dense 
ResinE Gelcoat Yes Small Dense 
Resin F Backing No 
Resin G Gelcoat Yes Big Medium 
Resin H Backing Yes Medium Dense 
Resin I Gelcoat No 
Resin J Backing No 
Resin K Gel coat Yes Small Very few 
Resin L Backing No 
Resin M Backing No 
Resin N Backing No 
* The resins refered here are liquid polyester resins 
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Figure 6. 1. An infra-red spectrum of polyester resin for resin A 
(beginning of cure) 
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Figure 6.2. An infra-red spectrum of polyester resin forresin A 
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Figure 6.3. An infra-red spectrum of polyester resin for resin A 
(after post-cure) 
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CHAPTER 7 
RESUL IS AND DISCUSSION 
Poly(orooylene Glycol Maleate) Resin 
7 .1. BLISTER RESISTANCE 
Laminates consisting of poly(propylene glycol maleate)* resin (resin D ) have 
exhibited interesting behaviour. No blister was observed after 87 weeks in 4QOC 
distilled water for laminate E4 (resin D I resin D I emulsion bound CSM) compared 
with laminate S 1 (resin A I resin B I Emulsion bound CSM) which blistered after 1-2 
weeks of water immersion. One noticeable feature of the laminates with poly(propylene 
glycol maleate) resin as backing resin is that on curing the backing resin, the fibre 
bundles became very white. It is due to the mismatch of the refractive indices of the 
resin and the glass fibres. The refractive index of resin A, B and D was measured from 
their thin cast sheets , and the results, together with the refractive index of 
polystyrend1 03] and glass fibre are shown in Table 7 .1. It can be seen that polystyrene 
has very high refractive index, so polyester resin with high styrene level (such as resin 
D) also has high refractive index which results in the fibre bundle whitening. This 
explains why as the styrene level in the polyester resin increased from ea. 30% to 40% 
and to 50%, as described in Chapter 5, the fibre bundles become whiter and whiter. It 
has been found that higher styrene content in the polyester resin will improve the blister 
resistance of the resulting laminates. 
Birefringence measurement showed that laminate E4 has very small stress at the 
interface of gelcoat and backing resin which is related to the blister formation, this is 
* Classical notation, 87.5% of maleate is isomerised to fumarate. 
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another contributing factor to the exceptional blister resistance of E4 (Table 4. 2). 
The water uptake of laminates with resin D was somewhat different from the 
others. The data in Figures 6.8-6.10 indicate rapid initial absorption of water. The 
regular structure of resin D and lack of aromatic acid will influence the water 
absorption. 
7 .2. MECHANICAL PROPERTIES 
7.2.1. 3-POINT BENDING 
The results of 3-point bending tests for the original samples and those boiled in 
water for 24 hours are shown in Table 7 .2, and the results for the original samples and 
those treated in 4QOC distilled water are shown in Table 7 .3. It can be seen that 
laminates with resin D failed at somewhat lower stress than other laminates, especially 
at failure state 1 which is the gelcoat failure. Poly(propylene glycol maleate) resin is 
commonly regarded as a brittle material with high cross-link density, it is interesting to 
note that laminates with resin D failed at similar or larger strain than that of S 1 or S 12 
(resin A/resin B/EmCSM). This may suggest that fewer chemical bonds existed 
between glass fibres and backing resin D, hence the composites were less rigid. 
The 24 hours boiling water treatment improved the flexural strength (failure state 
2) of the laminates with resin D as a backing resin, and they failed at a larger strain, 
while the effect on those laminates without resin D is not significant. All of the gelcoat 
strengths (failure state 1) are deteriorated after the 24 hours boiling water treatment. 
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The gelcoat strength is also deteriorated after the 400C distilled water treatment. 
But the overall strength of the laminates is not greatly affected by this treatment. The 
effect of post-curing in 400C water and in 400C oven (drying the sample) may 
counteract the destructive effects of the distilled water. 
7.2.2. TENSILE BEHAVIOUR 
The tensile results for the original samples are shown in Table 7 .4, and the results 
for the original samples and those treated in 400C distilled water are in Table 7 .5. 
Again laminates with resin D have somewhat lower tensile strength and Young's 
modulus than the remainder, but all of them failed at similar strain, if not larger, which 
suggests again that the laminates made from resin D are not very brittle. 
400C distilled water treatment improved the tensile strength of those laminates not 
base on resin D, but has a negative effect on the tensile strength of those laminates with 
resin D. The Young's moduli of all the laminates are more or less improved by the 
treatment 
7.2.3. FALLING WEIGHT IMPACT 
The results of falling weight impact tests for the original samples and those boiled 
in water for 24 hours are shown in Table 7 .6, and the results for the original samples 
and those treated in 400C distilled water in Table 7.7. It is found that the impact 
strength of laminates with resin D is about 8-20% lower than the remainder. The 
deflection at the peak position is an indication of the rigidity of the sample; it appears 
that the laminates with resin Dare more rigid than the remainder. 
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The testing results of industrial laminates are comparable with those of laboratory 
laminates, peak force being 978.7-1156.0 N/mm, peak energy 2 .8-4.9 J/mm and 
failure energy 9.5-10.5 J/mm. 
24 hours boiling deionized water treatment has no adverse effect on the maximum 
impact strength (the energy to break the sample) of the laminates, and the maximum 
force needed to initiate the crack in the laminates is affected only marginally. 
4QOC distilled water treatment improved the impact performance of all the 
laminates, the force and energy to initiate the crack, and the energy to break the 
laminates are all increased, and the laminates become less rigid. These may be due to 
the plasticisation effect of residual water in the laminates, since 400C drying of the 
laminates is not very effective. 
7.2.4. ROCKWELL HARDNESS TEST 
The results ofRockwell hardness tests are presented in Table 7.8. 
It clearly demonstrated that these polyester resins have similar hardness, while 
their other mechanical properties differ from each other. 
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7.3. DYNAMIC MECHANICAL THERMAL ANALYSIS (DMTA) 
The DMT A test results for cast resin sheets, glass-free, are presented in Table 7.9 
and the results for GRP laminates are presented in Table 7 .10. 
It can be seen that resin D have higher glass transition temperature than resin A, B 
and C, and the dynamic modulus is lower. The tan& of resin D is smaller than those of 
resin A, B and C, so the the energy dissipation is lower, and the material is more rigid. 
It is interesting to notice that the resins based on propylene glycol and maleic 
anhydride (or fumaric acid) have two peaks on its tan& line, as shown in Figure 7 .1. 
Comparing samples Z7 [poly(propylene glycol fumarate)} and Z8 [poly(propylene 
glycol maleate)] , it can be concluded that resin synthesised from fumaric acid has 
higher glass transition temperature than that from maleic anhydride. 
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Table 7.1. Refractive Index of Different Materials 
Materials Refractive index at room temperature 
Resin A 1.561 - 1.562 
Resin B 1.562 - 1.563 
Resin D 1.573 - 1.574 
Polystyrene 1.590 - 1.600 
E-Glass Fibre 1.547 - 1.549 
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Note: 
Table 7 .2. 3-Point Bending Tests Results (1) 
Failure State 1 Failure State 2 
Sample Code Stress Stress Strain 
(MP a) (MP a) (%) 
S 1 (A/B/EmCSM) 97 .8 150.4 2 .95 
(**24**) 93.0 135.3 3.49 
E4 (D/D/EmCSM) 54.7 118.8 3.59 
(**24**) 38.8 136.8 3.98 
E5 (A/D/ErnCSM) 86.7 116.1 3.25 
(**24**) 42.6 125.8 3 .31 
A3 (C/D/EmCSM) 91.4 126.5 3.46 
(**24**) 47.9 131.2 3.84 
A4 (C/B/EmCSM) 98 .2 130.3 3.14 
(**24**) 78.4 131.9 3 .36 
**24** -----Samples subjected to 24 hours boiling deionized water 
treannent, then dried in a 400C oven for 3 days. 
Failure State 1 ----- Gelcoat failure, cracks formed in the gelcoat. 
Failure State 2 -----Total failure of the laminates. 
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Note: 
Table 7.3. Three Point Bending Test Results (2) 
Failure State 1 Failure State 2 
Sample Code Stress Strain Modulus Stress Strain 
(MP a) (%) (GPa) (MPa) (%) 
S 12 (A/B/EmCSM) 97.72 1.67 5.87 128.96 3.11 
S12* ( ditto ) 95.26 1.64 5.86 145.26 3.83 
E8 (D/D/EmCSM) 79.25 1.66 4.79 113.99 3.12 
E8* ( ditto ) 58.06 1.07 5.57 108.97 3.23 
E9 (A/D/EmCSM) 88.92 1.82 4.88 115.02 3.10 
E9* ( ditto ) 57.74 1.22 4.75 101.22 3.04 
A7 (C/D/EmCSM) 98.45 1.72 5 .87 111.92 2.51 
A7* ( ditto ) 76.77 1.39 5 .55 119.26 3.33 
A9 (C/B/EmCSM) 106.68 2.09 5.15 112.98 2.77 
A9* ( ditto ) 98.63 1.79 5 .68 134.35 3.82 
* 
-----Samples fully immersed into 400C distilled for 40 days, 
and then dried in 400C for 30 days. 
Failure State 1 ----- Gelcoat failure, cracks formed in the gelcoat. 
Failure State 2 ----- Total failure of the laminates. 
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Note: 
Table 7.4. Tensile Tests Results (1) 
Failure State 1 Failure State 2 
Sample Code Stress Modulus Stress 
(MP a) (GPa) (MPa) 
S 1 (A!B/EmCSM) 51.8 6.581 68.4 
A4 (C/B/EmCSM) 52.7 6.782 66.9 
A3 (C/D/EmCSM) 49.5 5.380 61.9 
E4 (D/D/EmCSM) 43.5 5.202 57.6 
E5 (A/D/EmCSM) 41.9 5.206 55.7 
Failure State 1 ----- Gelcoat failure, cracks formed in the gelcoat. 
Failure State 2 ----- Total failure of the laminates. 
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Strain 
(%) 
1.23 
1.14 
1.28 
1.30 
1.24 
Table 7.5. Tensile Tests Results (2) 
Sample Code Young's Modulus Maximum Stress 
(GP a) (MP a) 
S13 (A/B/ErnCSM) 7.74 84.92 
S 13* ( ditto ) 7.46 88.01 
ElO (AID/Em CS M) 6.27 65.99 
ElO* ( ditto ) 6.72 61.97 
Ell (D/D/ErnCSM) 6.42 67.67 
Ell* ( ditto ) 6.71 61.71 
All (C/B/EmCSM) 7.74 86.35 
All* ( ditto ) 8.14 98.16 
A12 (C/D/EmCSM) 6.30 69.57 
A12* ( ditto ) 6.81 58.76 
Note: * --- Samples fully immersed into 400C distilled for 40 days, and then dried in 
400C for 30 days. 
159 
Table 7.6. Falling Weight Impact Tests Results (1) 
Peak Information Failure Information 
Sample Code Forcerr Energy{f Energy{f 
(N/mm) (J/mm) (J/mm) 
S 1 (NB/EmCSM) 1210.8 3.4 12.8 
(**24**) 1309.8 3.6 13.8 
A4 (C/B/EmCSM) 1051.1 2.8 12.6 
(**24**) 1133.2 2.9 12.5 
A3 (C/D/EmCSM) 1026.6 2.8 10.3 
(**24**) 977.1 2.8 10.4 
E4 (D/D/EmCSM) 1104.6 3.2 11.4 
(**24**) 1129.7 3.2 11.6 
E5 (A/D/EmCSM) 1005.0 2 .7 9 .9 
(**24**) 940.4 2.7 10.0 
Note: 
**24** ----- Samples subjected to 24 hours boiling deionized water treatment. 
T ----- Thickness of sample 
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Table 7.7. Falling Weight Impact Test Results (2) 
Peak Information Failure Infor. 
Sample Code Force+ Energy+ Deflection+ Energy+ 
(N) (J) (mm) (J) 
S7 (AJB/EmCSM) 1246 3.174 1.538 11.83 
S7* ( ditto ) 1561 4.188 1.736 13.91 
E6 (A/D/EmCSM) 1090 3.035 1.428 10.37 
E6* ( ditto ) 1267 3.655 1.616 11.40 
E7 (D/D/EmCSM) 1154 3.230 1.480 10.49 
E7* ( ditto ) 1279 3.549 1.636 11.54 
A8 (C/B/EmCSM) 1249 3.091 1.648 11.86 
A8* ( ditto ) 1593 4.101 1.850 13.96 
AlO (C/D/EmCSM) 1074 2.893 1.416 9.97 
AlO* ( ditto ) 1187 3.182 1.515 10.89 
Note: 
* 
Samples fully immersed into 400C distilled for 40 days, and then dried 
in 400C for 30 days. 
+ --- These parameters are normalised to unit thickness of the sample. 
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Table 7 .8. Rockwell Hardness Tests Results 
Ccxie Gel/Backing Rockwell hardness (L Scale) 
F1 Resin A/Resin B 112.3 
F3 Resin D/Resin D 1 09.7 
F5 Resin C/REsin B 109.7 
Note: Tests were carried out on gelcoat side of the cast sheet 
Table 7.9. DMTA test results for polyester cast sheets 
Sample Flexural Shear Temp. (OC) at Tangent 
Ccxie Modulus Modulus the peak of Delta at 
(GPa) (GPa) Tangent Delta the Peak 
Z1 (Resin B) 3.144 1.089 81.9 0.93 
Z2 (Resin C) 3.188 1.108 96.3 0.61 
Z3 (Resin D) 2.532 0.877 110.3, 179.2 0.14, 0.17 
Z4 (Resin A) 3.022 1.048 78. 1 0.60 
Z5 (Resin E) 3.253 1.133 89.7 0.58 
Z6 (Resin J) 3.253 1.133 89.6 0.58 
Z7 (Resin N) 3.169 1.097 98.6, 148.4 0.16, 0.21 
Z8 (Resin M) 2.939 1.022 92.8, 133.0 0.16, 0.23 
162 
Table 7.10. DMTA Test Results for GRP Laminates 
Sample Flexural Shear Temp. (OC) Tangent 
Code Modulus Modulus at Peak of Delta at 
(GPa) (GPa) Tangent Delta the Peak 
S13 (A/B) 5.118 1.790 80.1 0.479 
S8* (A/B) 4.239 1.476 81.8 0.553 
All (C/B) 5.812 2.017 80.5 0.545 
A12 (CID) 4.022 1.397 108.6 0.113 
E10 (ND) 4.795 1.664 99.2 0.094 
Ell (DID) 4.197 1.456 112.1 , 176.7 0.086, 0.096 
E7 (DID) 5.034 1.794 107.5, 168.3 0.080, 0.100 
Note: * --- the gelcoat thickness is 1.14rnm, while it is 0.45 for S13. 
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CHAPTER 8 
CONCLUSIONS AND 
RECOMMENDATIONS FOR INDUSTRIAL PRACTICE 
8.1. GENERAL CONCLUSIONS 
Glass fibre reinforced polyester laminates are widely used in boat and swimming 
pool manufacture, because they are light in weight, high in mechanical strength, low in 
cost and easy to manufacture. One drawback for these materials is that they may 
develop blistef after prolonged and continuous contact with water. The data on the 
extent of the blistering problem are scarce and contradictory. It has been estimated that 
as few as 5- 10% or as many as 48% of boats are affected, and 5- 10% of swimming 
pools are showing the effect of blistering. 
Blisters were examined by naked eye and microscopic techniques. It is found that 
blisters can be classified into four groups according to their origins: 
(1) Contaminants 
(2) Bubbles 
(3) Pre-cracks 
(4) Glass fibre bundles (fibre line) 
Detailed study of their relative importance shows that the last two categories are the 
most significant 
Contaminants in the gelcoat can cause blistering by osmosis. The size and shape 
of blisters is comparable with the size and shape of the contaminants. They grow only a 
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little and some eventually burst to the outer surface of the gelcoat. 
It is almost inevitabl~ that bubbles are trapped in the gelcoat. Some big bubbles or 
some bubbles which are very near to the outside surface of the gelcoat may develop into 
blisters. These blisters are usually round in shape and grow only a little. 
Pre-cracks are finite fissures in the gelcoat, formed before water immersion. They 
can be observed under the microscope with cross polars illumination. Some of them 
will develop into blisters. Their size is usually small and they grow a little after 
formation. Some may eventually burst to the outside surface of the gelcoat. 
Fibre line blisters are immediately behind the gelcoat, along the glass fibre 
bundles. This type of blister is the most destructive; some of them will burst to the 
outer surface of the gelcoat. 
Stress exists at the interface of the gelcoat and backing resin; its magnitude can be 
indicated by the birefringence. It plays a significant role in pre-crack formation. The 
number of pre-cracks in the gelcoat is directly related to the magnitude of the stress. 
The stress at the interface of the gelcoat and backing resin might be developed by 
the swelling of the boundary layer of the partly cured gelcoat by the styrene from the 
freshly applied backing resin. The styrene then polymerises leaving the boundary layer 
in a swollen stressed state; the difference of shrinkages of the gelcoat and backing resin 
at curing and post-curing periods also generates stress at the interface. 
When the GRP laminates are immersed in water, it will penetrate the laminates 
and some will collect in the pre-cracks, dissolving water soluble substances and 
hydrolysing the polyester resins. As osmotic pressure increases, pre-crack blister are 
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formed. 
The stress at the ime.rface of the gelcoat and backing resin, and the stress caused 
by the swelling of the resins by water ingress may also cause micro-cracks around the 
glass fibre bundles. Water also collects in these micro-cracks, dissolves water solubles 
in the resin and on the glass fibres (binder and size), and also hydrolyses the resin and 
glass fibre finishes. Osmosis so developed will leads to the blister formation and 
growth. 
The blisters from contaminants are caused by hydrolysis of the water soluble 
contaminants. In case of the water insoluble contaminants, water will reside in the gaps 
between contaminants and the matrix, and cause osmosis blistering. 
Blisters from bubbles are caused by the physical distortion during water 
immersion. The physical distortion might be caused by the difference of the swelling of 
the matrix around the bubbles due to water ingress; the stress in the gelcoat also causes 
physical distortion. 
The blister formation and growth process is different from laminate to laminate. 
The locations of blisters are randomly distributed in laminates, and the shapes are 
different from one to another. The number of pre-crack blisters and fibre line blisters 
reach their maxima after certain periods of water immersion. Since the pre-crack blisters 
grow only a little, their number stays unchanged. The fibre line blisters grow, intersect 
with each other, several blisters coalesce into one, and the total number decreases. 
In order to evaluate the blister resistance of a laminate, one must take both the 
time of onset of blistering and the blistered area into account While the time to blister is 
important, the area formed by blisters is a major concern after the blisters have been 
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formed. 
The blister performa.r:tce of industrial laminates is comparable with the laboratory 
laminates with the same constituents. 
Blister formation is a complex process which is affected to a greater or lesser 
I 
extent by the kind of resins used, the reinforcement, the additives, the laminating 
technique and the service environments. 
Laminates reinforced with powder bound chopped strand mat have better blister 
performance than those with emulsion bound chopped strand mat, since powder bound 
chopped strand mat is much less hydrolysable. Other binders which can form chemical 
links with the matrix resin (e.g. ethylene propylene diene rubber) can improve the 
blister performance of a laminate. 
A layer of glass surface tissue between the gelcoat and backing resin can 
significantly improve the blister resistance of a laminate. 
Laminates made from propylene glycol- isophthalate gelcoat out-perform those 
from propylene glycol- orthophthalate resin; and laminates from neopentyl glycol -
isophthalate gelcoat have even better resistance than those from propylene glycol -
isophthalate resin; similar principles apply for backing resin. 
Laminates with poly(propylene glycol maleate) resin as both gelcoat and backing 
resin have exhibited excellent blister resistance, no blister has been formed after 87 
weeks of 4QOC distilled water immersion (full immersion). Its mechanical properties 
seem quite acceptable. 
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For resins with the same constituents, the laminates made from the resins with 
higher molecular weight have better blister performance since they have better 
hydrolysis resistance. 
The styrene content in the polyester resin influences the blister resistance of the 
laminates. It is found that higher styrene content improves the blister resistance of the 
laminates. 
The unsaturated acid employed in the resin also affects the blister performance of 
GRP laminates. Laminates made from fumarate resin out-performs those from maleate 
resin. The isomerisation rate from maleate to fumarate is quite high for commercial 
resin. 
Laminates made from vinyl ester resin and epoxy resin have been found to have 
very good blister resistance. 
Different levels of methyl ethyl ketone peroxide initiator added to the laminates 
result in different blister performance; and different kind of initiators may have different 
blister resistance. 
The thickness of gelcoat has great influence on the blister resistance of the 
resulting laminates. Thicker gelcoat prolongs the time to the onset of blisters; a double 
layer of gelcoats prolongs the time to form fibre line blisters. 
For the laminates with the same kind of constituents, the higher the cross-link 
density of the resins (e.g. through high temperature post-cure), the better the blister 
resistance of the laminates. 
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It is important to apply the backing resin when the gelcoat is at the "green stage", 
so as to maximise th_e chemical links between the gelcoat and the backing resin, as well 
as minimise the stress at th.e interface of gelcoat and backing resin. 
It is found that accelerated blister experiment in 40°C distilled water can produce 
results for blister resistance fairly quickly with good reproducibility and good 
agreement with the results obtained from practical application. 
Blister formation is not associated with a particular water uptake level, nor with a 
particular dielectric loss tangent value. No sudden change of these two variables was 
observed when blisters were formed. 
It is possible to identify the main constituents in the polyester resin s by infrared 
spectrometry; the curing of polyester resin can also be monitored by infrared 
spectrornetry by monitoring the change of styrene rnonomer. 
It can be safely assumed that the binder of chopped strand glass mat is dissolved 
in the polyester resin before the resin gels during the normal laminating process. 
The cure time of polyester resin can be changed by changing the quantity of either 
accelerator or initiator. The maximum temperature rise during cure is an indication of 
the number of double bonds reacted. 
170 
8.2. RECOMMENDATIONS FOR INDUSTRIAL PRACTICE 
Throughout this proj~ct, it has found that in order to produce a GRP product with 
good blister resistance, the following practices are highly recommended. 
8.2.1. WORKSHOP CONDITIONS 
It is very important to keep the workshop well ventilated since exposure to 
styrene in the polyester resin can pose serious health hazards for the workers. On the 
other hand, the loss of styrene from the resin through ventilation must be kept at 
minimum in order to prevent any under-cure. 
The temperature in the workshop must not be very low (e.g. below 150C), as it 
may cause under-cure of the resin which can reduce the blister resistance of the GRP 
product; it also increases the viscosity of the resin, increases the difficulties of 
wetting-out the glass fibres and the chance of entrapping air bubbles, resulting in a 
product with lower blister resistance. 
Keep the workshop tidy and free from dust, as it may contaminate the resins and 
other additives (e.g. accelerator and initiator). 
8.2.2. MATERIAL SELECTION 
In order to produce GRP products with good blister resistance, the material 
selection is very important. propylene glycol - isophthalate gelcoat is better than 
propylene glycol- orthophthalate gelcoat, and neopentyl glycol-isophthalate gelcoat is 
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even better. It is also very beneficial to use better resin as backing resin, at least for the 
first layer. Using poly(propylene glycol maleate resin) as both gelcoat and backing 
resin can produce a prod_uct with exceptionally good blister resistance. Choose the 
resins made by reputable manufacturers. 
Powder bound chopped strand glass mat has better hydrolysis resistance than 
emulsion bound chopped strand mat, so selecting powder bound chopped strand mat as 
the reinforcement will decrease the chance of blistering in service. 
It is very important(!) to carry out accelerated blister experiments (e.g. in 4QOC 
distilled water) of the laboratory laminates made from the chosen materials as well as 
from other materials as a comparison before the mass production. The experiment 
variables are laminate constituents i.e. polyester resins, reinforcement, accelerator and 
initiator and their levels. 
8.2.3. MANUFACTURING TECHNIQUES 
It is essential to measure the quantities of accelerator and initiator added to the 
resins accurately. 
The thickness of the gelcoat must not be less than 0.5mm and no more than lmm. 
The interval between applying gelcoat and backing resin must not exceed 2 hours. 
It is much preferred to start applying backing resin when the "green stage" of the 
gelcoat is reached. It is also advisable to apply all the layers of backing resin and 
reinforcement without interval. 
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Whenever possible, post-cure the products at higher temperature. 
8.3. RECOMMENDATIONS FOR FURTHER RESEARCH 
Methods of accelerating blister formation should be investigated, since it might be 
possible to gain further understanding thereby and then apply this to give better blister 
resistance. 
Study the blister resistance of laminates containing resin with high styrene level in 
which no inhibitor is added. Determine their suitability for commercial use. 
Study the effect of underwater painting on GRP laminates on the blister 
performance. 
Find ways to repair the blistered products. 
Study the mechanical properties of blistered GRP laminates which have been 
immersed in room temperature water, and fully dried at room temperature. 
Find out the percentages of the constituents used to synthesise the polyester resin, 
and the effects on blister resistance of the resulting laminates. 
A complete study of the relationship between the molecular weight of polyester 
resin and the blister resistance of the GRP laminates. 
Study the blister performance of laminates with polyester resin or vinyl ester resin 
interlayer, and those made by the spray process rather than hand lay-up. 
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Study the blister performance and the mechanical properties of laminates made 
from commercial poly(propylene glycol maleate) resin, and their suitability for 
commercial use. 
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